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FOREWORD 

Thi s  Summary Repor t  was p repa red  by Northrop Space  L a b o r a t o r i e s ,  Hawthorne,  

C a l i f o r n i a ,  under  NASA C o n t r a c t  NASr-102. The c o n t r a c t  i s  a d m i n i s t e r e d  

by t h e  O f f i c e  o f  Advanced Research  and Technology, S t r u c t u r e s  Resea rch  

Group, Space V e h i c l e  D i v i s i o n ,  w i t h  M r .  Norman Mayer as Project Moni tor .  

P r i n c i p a l  a u t h o r s  o f  t h i s  r e p o r t  are P. J. D'Ahna and D r .  R ,  M. H e i t z ,  

C o - P r i n c i p a l  I n v e s t i g a t o r s ,  and J. J. Piechocki ,  a l l  of  Space Materials 

Labora to ry ;  D r .  R .  D. Johnson ,  Labora tory  Head. O t h e r  c o n t r i b u t o r s  t o  

t h i s  program i n c l u d e  R.  K.  J e n k i n s ,  R .  W. Hunte r ,  J. K .  H a g i l l ,  D r .  B. 

Arden, D r .  A. Caron and T. W. Brown of the Space  Materials L a b o r a t o r y ,  

R .  Hornung of  NSL S t r u c t u r a l  A n a l y s i s  Branch, M. Garman o f  Nor th rop ' s  

N o r t r o n i c s  D i v i s i o n  and P r o f .  G .  V. Bu l l  o f  M c G i l l  U n i v e r s i t y .  

T h i s  summary r e p o r t ,  w r i t t e n  i n  two p a r t s ,  d e s c r i b e s  per formance  o f  t h e  

p e r i o d  from 1 A p r i l  1963 through 31 March 1964. P a r t  I r e p o r t s  t h e  re-  

s u l t s  o f  the program r e l a t e d  t o  s e l f - s e a l i n g  p a n e l s  and t h e i r  e v a l u a t i o n .  

Shock wave damage c o n t r o l  was found t o  be e s s e n t i a l  t o  o b t a i n i n g  e f f e c t i v e  

s e a l i n g ,  p a r t i c u l a r l y  i n  t h e  c h e m i c a l l y  a c t i v a t e d  s e l f - s e a l i n g  p a n e l  

c o n f i g u r a t i o n s ,  P a r t  I1 r e p o r t s  t h e  results from a n  i n v e s t i g a t i o n  and 

development  o f  shock  wave damage c o n t r o l  t e c h n i q u e s  under  c o n d i t i o n s  

r e s u l t i n g  from h i g h  v e l o c i t y  p a r t i c l e  p e n e t r a t i o n  i n t o  l i q u i d - f i l l e d  

compartments.  I n  a d d i t i o n ,  P a r t  I1 i n c l u d e s  t h e  r e s u l t s  ot a n  i n v e s t i -  

g a t i o n  of  t h e  mechanica l  and chemica l  phenomena a s s o c i a t e d  w i t h  h i g h  

v e l o c i t y  p a r t i c l e  p e n e t r a t i o n  i n t o  f l u i d - f i l l e d  compartments.  

h a s  been c l a s s i f i e d  C o n f i d e n t i a l .  

P a r t  I1 

T h i s  r e p o r t  is documented a t  Nor throp  Space Laboratories as NSL 62-132-7 

( P a r t  1). 
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1.0 INTRODUCTION AND SUMMARY 

The r e c e n t  l imi t ed  f i n d i n g s  from s a t e l l i t e  experiments,  a l though con- 

f i rming  t h e  e x i s t e n c e  of a "meteoroid environment," have not  as y e t  

resolved t h e  va r ious  c o n f l i c t i n g  opinions concerning t h e  exac t  n a t u r e  

of t h e  environment o r  t h e  magnitude of i t s  hazard t o  space v e h i c l e s .  

However, i t  i s  g e n e r a l l y  agreed by most i n v e s t i g a t o r s  t h a t ,  due t o  t h e i r  

extremely high v e l o c i t i e s ,  meteoroids do p r e s e n t  a real hazard t o  manned 

space v e h i c l e s ,  p a r t i c u l a r l y  those  dest ined f o r  long d u r a t i o n  missions.  

Among techniques proposed € o r  minimizing t h i s  hazard , t h e  bumper s h i e l d  

o r  spaced shee t  s t r u c t u r e  concept has  been t h e  one most f r e q u e n t l y  

proposed by space v e h i c l e  des igne r s .  I n  t h i s  concept ,  t h e  bumper 

fragments t h e  meteoroid while  t h e  r e s u l t i n g  spray of p a r t i c l e s  i s  hope- 

f u l l y  stopped by the  inne r  s h e l l .  However, a l though i t  has  been shown 

t h a t  t h i s  conf igu ra t ion  can be highly e f f e c t i v e  i n  prevent ing t h e  spray 

of impact induced p a r t i c l e s  i n t o  the  i n t e r i o r  of a space v e h i c l e  

compartment, damage t o  t h e  i n n e r  s h e l l  by t h e  more e n e r g e t i c  meteoroids  

may be seve re  enough t o  cause f l u i d  leakage from p res su r i zed  compart- 

ments. The re fo re ,  a l though t h e  bumper shield concept may provide 

adequate p r o t e c t i o n  f o r  l imi t ed  s h o r t  durat ion missions,  ou r  proposed 

s e l f  - s e a l i n g  s t r u c t u r e s  guarantee the  sealed i n t e g r i t y  of a p res su r i zed  

compartment, and provide t h e  " f a i I - s a f e "  c a p a b i l i t y  required f o r  t h e  

more ambi t ious  space missions.  

The i m p l i c a t i o n s ,  t h e r e f o r e ,  appear  obvious--that,  f o r  long d u r a t i o n  

space missions,  more r e l i a b l e  techniques than those  c u r r e n t l y  proposed 

need t o  b e  evaluated.  

With t h i s  o b j e c t i v e  i n  mind, Northrop has been proposing t h e  philosophy 

of t h e  s e l f - s e a l i n g  s t r u c t u r e .  

s t r u c t u r a l  concepts  have been developed and experimental ly  eva lua ted  i n  

I n  pursuance of t h i s  approach, v a r i o u s  



which t h e  b e s t  f e a t u r e s  of  t h e  bumper s h i e l d  concep t  have  been combined 

w i t h  a s e l f - s e a l i n g  i n n e r  s h e l l  t o  g i v e  a system p o s s e s s i n g  h i g h  p e n e t r a -  

t i o n  r e s i s t a n c e ,  shock wave damage c o n t r o l  and s e l f - s e a l i n g  c a p a b i l i t y .  

During t h e  f i r s t  y e a r  of  e f f o r t  on t h i s  two y e a r  program, as summarized 

i n  Reference 1, v a r i o u s  s e l f - s e a l i n g  s t r u c t u r e  c o n c e p t s  were i n v e s t i g a t e d .  

Out of t h i s  i n i t i a l  program, f i v e  s u c c e s s f u l  s e l f - s e a l i n g  p a n e l  c o n f i g u r a -  

t i o n s  were f a b r i c a t e d  and t h e i r  s e l f - s e a l i n g  c a p a b i l i t i e s  e x p e r i m e n t a l l y  

demonstrated by punc tu r ing  w i t h  1 / 8 - i n c h  d i a m e t e r  s tee l  and g l a s s  s p h e r e s  

a t  impact v e l o c i t i e s  t o  7,000 f p s .  

Both mechanical  and chemica l ly  a c t i v a t e d  

eva lua ted .  The p r i n c i p l e  of  o p e r a t i o n  of  t h e  mechanica l  c o n c e p t s  depends  

upon e i t h e r  t h e  mechanical  r e s p o n s e  of e l a s t o m e r  materials i n  rebounding  

upon be ing  punctured  and s e a l i n g  t h e  h o l e ,  or on t h e  f o r c e s  g e n e r a t e d  by 

t h e  p r e s s u r e  d i f f e r e n t i a l  a c r o s s  a punc tu re  i n  a p r e s s u r i z e d  compartment 

i n  drawing a r u b b e r  s p h e r e  or o t h e r  s e a l i n g  e lement  i n t o  t h e  h o l e  and 

e f f e c t i n g  a seal. The working p r i n c i p l e  o f  t h e  chemica l ly  a c t i v a t e d  

concep t s  depends  on t h e  p e n e t r a t i n g  p a r t i c l e  c a u s i n g  t h e  i n t e r m i x i n g  of 

two i n i t i a l l y  s e p a r a t e d  chemica l  c o n s t i t u e n t s  so t h a t  t h e  e n s u i n g  chem- 

ical  r e a c t i o n  w i l l  c a u s e  one  of  t h e  c o n s t i t u e n t s  ( a n  easy  f lowing  

e l a s tomer )  t o  cure  and form a s o l i d  mass a l o n g  t h e  p e l l e t  e n t r y  p a t h  

and t o  e f f e c t  a seal. 

s e l f - s e a l i n g  c o n c e p t s  were 

During t h e  l a t te r  p a r t  of  t h e  f i r s t  y e a r ' s  program, some l i m i t i n g  

h y p e r v e l o c i t y  t e s t i n g  o f  t h e s e  i n i t i a l  s e l f - s e a l i n g  pane l  c o n f i g u r a t i o n s  

w a s  conducted a t  NASA A m e s  Research  Ceilter i n  an  a t t e m p t  t o  v e r i f y  r e s u l t s  

ob ta ined  a t  7,000 f p s .  D e t a i l e d  r e su l t s  of  t h e s e  tes ts ,  which were con-  

ducted w i t h  1 /8 - inch  d i a m e t e r  g l a s s  s p h e r e s  a t  impact  v e l o c i t i e s  t o  

23,000 f p s ,  are g iven  i n  Refe rence  1. I n i t i a l  r e s u l t s  f rom t h e s e  tes ts  

were n o t  comple t e ly  c o n c l u s i v e  i n  t h a t  o n l y  two of  t h e  f i v e  p a n e l s  t e s t e d  

were p e r f o r a t e d .  However, examina t ion  of t h e  impacted p a n e l s  i n d i c a t e d  

2 



t h a t  shock wave e f f e c t s  a t  t h e s e  h i g h e r  v e l o c i t i e s  i n c r e a s e  pane l  damage 

and material removal a l o n g  t h e  p e l l e t  e n t r y  p a t h ,  t he reby  making i t  more 

d i f E i c u l t  t o  a c h i e v e  s e l f - s e a l i n g  a c t i o n .  

Based on t h e s e  i n i t i a l  h i g h  v e l o c i t y  tes ts ,  i t  w a s  concluded t h a t  t h o s e  

c o n c e p t s  where s e a l i n g  c a p a b i l i t y  was dependent s o l e l y  upon t h e  

mechanical  r e s p o n s e  of  e l a s t o m e r i c  materials would n o t  seal  a t  t h e  

h i g h e r  p u n c t u r i n g  v e l o c i t i e s  a n d ,  f o r  t h e  o t h e r  c o n c e p t s ,  shock wave 

damage c o n t r o l  would be a primary p r e r e q u i s i t e  f o r  o b t a i n i n g  s u c c e s s f u l  

s e l f - s e a l i n g  a c t i o n .  I n  view of  t h i s ,  the  second y e a r ' s  program was 

o r i e n t e d  towards o b t a i n i n g  shock wave damage c o n t r o l  i n  t h o s e  c o n c e p t s  

where i n i t i a l  r e s u l t s  i n d i c a t e d  promise of s u c c e s s f u l  s e l f - s e a l i n g  a c t i o n  

a t  impact v e l o c i t i e s  above 7,000 f p s .  

During t h e  p a s t  y e a r ,  t h e  major e f f o r t  has been d i r e c t e d  t o  t h e  

f o l l o w i n g  t a s k s  : 

1. B a l l i s t i c  t e s t i n g  and concep t  e v a l u a t i o n  a t  impact  v e l o c i t i e s  from 

I 10,000 t o  26,000 f p s .  

I 2 .  I n v e s t i g a t i o n  of t e c h n i q u e s  f o r  c o n t r o l  of shock wave damage and 

material removal d u r i n g  h i g h  v e l o c i t y  p u n c t u r i n g .  

t e c h n i q u e s  were i n v e s t i g a t e d :  

The f o l l o w i n g  

e 

e 

Using composi te  n o n - m e t a l l i c  f a c e  s h e e t s .  

I s o l a t i n g  t h e  chemical  compartments of  t h e  chemica l ly  a c t i v a t e d  

c o n f i g u r a t i o n s  from t h e  pane l  f a c e  s h e e t s  o r  i n t e r p o s i n g  a 

h i g h l y  c o m p r e s s i b l e  material between t h e  chemical  compartment 

w a l l  and t h e  f a c e  s h e e t s .  

e I n c o r p o r a t i n g  a volume i n c r e a s i n g  mechanism ( e . g . ,  foaming 

r e a c t i o n )  i n  t h o s e  c o n f i g u r a t i o n s  s e n s i t i v e  t o  material removal .  

3 



0 Combining t h e  b e s t  f e a t u r e s  of two o r  more concep t s  t o  g i v e  g r e a t e r  

e f f e c t i v e  s e a l i n g  a c t i o n  a g a i n s t  t h e  more s e v e r e  type  of h i g h  

v e l o c i t y  impact  damage. 

The i n c o r p o r a t i o n  of one or more of t h e s e  t e c h n i q u e s  h a s  r e s u l t e d  i n  t h e  

development of n i n e  b a s i c  pane l  c o n f i g u r a t i o n s  t h a t  have s u c c e s s f u l l y  

maintained t h e i r  s e l f  - s e a l i n g  c a p a b i l i t y  when punctured  w i t h  1 / 8 - i n c h  

d i ame te r  s tee l  s p h e r e s  a t  impact  v e l o c i t i e s  from 10,000 f p s  t o  26,000 f p s .  

The t echn iques  used f o r  s e l f - s e a l i n g  t h e  p a n e l s  are e i t h e r  mechanical  

( e l a s tomer  s p h e r e s ) ,  chemica l  (uncured  e l a s t o m e r s  o r  foaming r e s i n s )  o r  

combined mechanical  and chemica l  ( e l a s t o m e r  s p h e r e s  o r  a s b e s t o s  f i b e r s  

p l u s  a chemica l  sys t em) .  The mechanical  e l a s t o m e r  s p h e r e  c o n c e p t ,  a l t h o u g h  

n o t  g i v i n g  comple te  s e a l i n g  a c t i o n  (a i r  l eakage  ra te  of 1.3 lbs /day  f o r  

a Ap = 14.7 p s i ) ,  added t h e  lowes t  weight  t o  a doub le  w a l l  pane l  (0 .31 l b s /  

f t 2 ) .  The chemica l  o r  combined mechanical-chemical  c o n c e p t s ,  w i t h  t h e  

excep t ion  of  one c o n f i g u r a t i o n  (see panel  c o n f i g u r a t i o n  I ,  T a b l e  2-11, 

gave complete  s e a l i n g  a c t i o n  ( z e r o  l eakage  ra te )  when t e s t e d  a t  impact  

v e l o c i t i e s  of 10,000 f p s  and above.  

from 1 .24  l b s / f t  f o r  t h e  Elas tomer  Sphere-Viscous Face Concept t o  3 . 4 4  l b s /  

f ?  f o r  t h e  Rigid Foam-Balsa Wood concep t .  

t h e  v a r i o u s  s e l f - s e a l i n g  pane l  c o n f i g u r a t i o n s  t e s t e d  i s  g iven  i n  

Sec t ion  2.0 wh i l e  pane l  c o n s t r u c t i o n  d e t a i l s  and o t h e r  phases  of t h e  

program are g iven  i n  t h e  subsequent  s e c t i o n s .  

The weight  f o r  t h e s e  c o n c e p t s  v a r i e d  

A compara t ive  e v a l u a t i o n  of 

As a n  a d d i t i o n a l  t a s k  d u r i n g  t h i s  y e a r ' s  program, some e x p l o r a t o r y  

exper iments  were conducted i n  which w a t e r - f i l l e d  t a n k s  were p e n e t r a t e d  

w i t h  h igh  v e l o c i t y  p a r t i c l e s .  The purpose of t h i s  i n v e s t i g a t i o n  was t o  

e v a l u a t e  t e c h n i q u e s  f o r  p r e v e n t i n g  e x p l o s i v e  r u p t u r i n g  of t h e  p e n e t r a t e d  

t a n k  w a l l  under  b a l l i s t i c  c o n d i t i o n s  normally c r e a t i n g  such f a i l u r e s .  

C e r t a i n  t echn iques  have been developed  whereby e x p l o s i v e  r u p t u r i n g  of  

w a t e r - f i l l e d  t anks  may be p reven ted  f o r  b a l l i s t i c  c o n d i t i o n s  c r e a t i n g  
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f a i l u r e  w i t h o u t  t h e  i n c o r p o r a t i o n  of t h e s e  t e c h n i q u e s .  Details of t h e s e  

t e c h n i q u e s  and a summary of tes t  resu l t s  may be found i n  P a r t  I1 of t h i s  

r e p o r t ,  which h a s  been c l a s s i f i e d  CONFIDENTIAL. 
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2.0 COMPARATIVE EVALUATION OF SELF-SEALING CONCEPTS 

2.1  SUMMARY OF TEST RESULTS 

Sub jec t  t o  t h e  l i m i t a t i o n s  imposed by t h e  absence  o f  tes t  d a t a  above  

20,000 f p s  f o r  some o f  t h e  c o n c e p t s  l i s t e d ,  T a b l e  2-1 p r e s e n t s  a p r e l i m i -  

nary  compara t ive  e v a l u a t i o n  o f  t h e  most s u c c e s s f u l  s e l f - s e a l i n g  pane l  

c o n f i g u r a t i o n s  r e s u l t i n g  from t h i s  program. Exper i ence  w i t h  t h o s e  con-  

f i g u r a t i o n s  f o r  which t es t  d a t a  above 20,000 f p s  e x i s t ,  i n d i c a t e s  t h a t  

i t  i s  r e a s o n a b l e  t o  assume t h a t  pane l  c o n f i g u r a t i o n s  which s u c c e s s f u l l y  

seal a t  impact  v e l o c i t i e s  between 10,000 and 15,000 f p s  w i l l  r e t a i n  t h e i r  

s e a l i n g  c a p a b i l i t y  a t  v e l o c i t i e s  i n  t h e  range  of  20,000 f p s .  

The b a l l i s t i c  c o n d i t i o n s  l i s t e d  are t h e  most s e v e r e ,  t o  d a t e ,  under  

which e a c h  concep t  has  been t e s t e d .  For  t h o s e  concep t s  which s u c c e s s -  

f u l l y  s e a l e d  a t  7,000 f p s ,  b u t  f a i l e d  a t  h i g h e r  impact  v e l o c i t i e s ,  b o t h  

v e l o c i t i e s  are recorded .  The s e a l a b i l i t y  o r  s e l f - s e a l i n g  e f f e c t i v e n e s s  

o f  each c o n f i g u r a t i o n  w a s  de te rmined  by checking  f o r  a i r  l eakage ,  a c r o s s  

t h e  punc tu re ,  a g a i n s t  a p r e s s u r e  d i f f e r e n t i a l  of one a tmosphere  (14 .7  

p s i ) .  The u n i t  weight  which was added t o  a b a s i c  doub le  w a l l  p a n e l  i n  

o r d e r  t o  g i v e  i t  s e l f - s e a l i n g  c a p a b i l i t y  i s  g i v e n  i n  Column 4 o f  Tab le  

2-1 wh i l e  t h e  t o t a l  pane l  u n i t  weight  i s  g i v e n  i n  Column 5. 

to t h e s e  w e i g h t s ,  i t  must be  noted t h a t  t h e  c o n f i g u r a t i o n s  t e s t e d  d u r i n g  

t h i s  program were b a s i c a l l y  ' lbreadboard models" i n  which t h e  p r imary  

purpose w a s  t o  evaluate t h e  v a r i o u s  s e l f - s e a l i n g  c o n c e p t s ,  and t o  

e x p e r i m e n t a l l y  demons t r a t e  t h e i r  f e a s i b i l i t y  w i t h  no serious a t t e m p t s  

made to  o p t i m i z e  t h e  p a n e l s  f o r  minimum weight .  However, examina t ions  

of the  r e s u l t s  from t h e  tes t  program i n d i c a t e s  t h a t  t h e  p a n e l  c o n f i g u r a -  

t i o n s ,  a5 c u r r e n t l y  f a b r i c a t e d ,  c a n  be s u b s t a n t i a l l y  reduced i n  weight  

wi thout  s a c r i f i c i n g  t h e i r  s e l f - s e a l i n g  c a p a b i l i t y .  The c h e m i c a l l y  

a c t i v a t e d  c o n c e p t s  i n  p a r t i c u l a r  have  c o n s i s t e n t l y  demonst ra ted  a n  

amount of  chemica l  a c t i v i t y ,  upon p a n e l  p u n c t u r e ,  i n  e x c e s s  of that 

requ i r ed  t o  o b t a i n  e f f e c t i v e  s e a l i n g .  Consequent ly ,  i t  

I n  r e f e r e n c e  
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appears  r e a s o n a b l e  t o  assume t h a t  a p a n e l  o p t i m i z a t i o n  program w i l l  

resul t  i n  p a n e l  u n i t  we igh t s  more c o m p e t i t i v e  w i t h  n o n - s e l f - s e a l i n g  

s t r u c t u r e s .  I t  s h o u l d  a lso b e  noted t h a t ,  i n  a d d i t i o n  t o  t h e  self- 

s e a l i n g  c a p a b i l i t y  of t h e  p a n e l s ,  some of t h e  components of t h e  com- 

bined mechanica l -chemica l  c o n c e p t s  p o s s e s s  m u l t i - f u n c t i o n a l  p roper t ies  

i n  t h a t  t h e y  make s t r u c t u r a l  and i n s u l a t i v e  c o n t r i b u t i o n s  t o  t h e  p a n e l  

c o n f i g u r a t i o n s .  T h e r e f o r e ,  w i t h i n  t h e  q u a l i f i c a t i o n s  imposed by t h e  

above c o n s i d e r a t i o n s  and the l i m i t e d  s c o p e  of t h e  t es t  program, the 

fo l lowing  s t a t e m e n t s  may be made a b o u t  t h e  l i s t e d  s e l f - s e a l i n g  c o n c e p t s .  

A l l  of t h e  p a n e l  c o n f i g u r a t i o n s  p r e s e n t e d  i n  Tab le  2 - 1 ,  w i t h  t h e  

e x c e p t i o n  o f  C o n f i g u r a t i o n s  XII, X I I T  and X I V  p o s s e s s  t h e  c a p a b i l i t y  

f o r  s e l f - s e a l i n g  a i r  p r e s s u r i z e d  (14.7 p s i g )  compartments ,  a f t e r  

punc tu r ing  by  1 / 8 - i n c h  d i a m e t e r  s t ee l  s p h e r e s  a t  impact  v e l o c i t i e s  

t o  20,000 f p s  and above. 

Weightwise,  t h e  Elas tomer  Sphe re  Concept (XI) i s  t h e  l i g h t e s t  p a n e l  

c o n f i g u r a t i o n  (1 .43 l b / f t  1, w h i l e  t h e  R i g i d  S i l i c o n e  Foam/Balsa 

Wood Concept (1x1 i s  t h e  h e a v i e s t  (4.30 l b / f t  1. 

2 

2 

The chemica l  and combined chemica l -mechanica l  c o n c e p t s  are t h e  most 

r e l i a b l e  f o r  o b t a i n i n g  comple te  s e a l i n g  a c t i o n  ( z e r o  l e a k a g e  ra te )  

w h i l e  t h e  mechanica l  concep t  (E la s tomer  S p h e r e s )  may r e s u l t  i n  small 

r e s i d u a l  l e a k a g e  rates ( 3  l b s / d a y ) .  

The s e l f - s e a l i n g  c a p a b i l i t y  of t h e  l i s t e d  c o n c e p t s  w a s  e v a l u a t e d  

under  s t a n d a r d  room t e m p e r a t u r e  c o n d i t i o n s ,  A t  ex t reme tempera- 

t u r e s ,  p a r t i c u l a r l y  a t  s u b - z e r o  t e m p e r a t u r e s ,  t h e  r e a c t i o n  rates 

of t h e  chemica l  c o n c e p t s  and t h e i r  s e a l i n g  c a p a b i l i t y  c o u l d  be 

a d v e r s e l y  a f f e c t e d .  The temperature l i m i t a t i o n s  for  t h e  s u c c e s s f u l  

working of e a c h  concep t  have  n o t  y e t  been e s t a b l i s h e d .  However, 

it c a n  be q u a l i t a t i v e l y  stated tha t  the  E las tomer  Sphe re  Concept  

14 



(XI) where t h e  working p r i n c i p l e  does n o t  depend on chemica l  

react ions,  would be t h e  least s e n s i t i v e  t o  ex t reme t e m p e r a t u r e s .  

A more d e t a i l e d  d i s c u s s i o n  on t h e  envi ronmenta l  dependence of 

s e l f - s e a l i n g  c a p a b i l i t y  i s  g iven  i n  S e c t i o n  3 . 4 .  

0 The s e l f - s e a l i n g  c o n c e p t s ,  as conce ived ,  p o s s e s s  p o t e n t i a l  a p p l i c a -  

t i o n  f o r  u s e  i n  t h e  w a l l  c o n s t r u c t i o n  of  p r e s s u r i z e d  manned modules 

o r  o t h e r  p r e s s u r i z e d  compartments c o n t a i n i n g  f l u i d s  which would be 

compa t ib l e  w i t h  t h e  s e a l i n g  materials used  i n  t h e  pane l  c o n f i g u r a -  

t i o n .  
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2 , 2  CONCLUSIONS AND RECOMMENDATIONS 

The feasibility of constructing a self-sealing structure has been 

experimentally demonstrated by puncturing panel specimens with 1/8-inch 
diameter steel spheres at impact velocities to 26,000 fps. Both mechani- 

cally and chemically activated techniques have been employed in the panel 

configurations with the most successful using combined mechanical- 

chemical techniques. Based on the results of this program, and evaluation 

of self-sealing panel specimens, the following concluding statements are 

made : 

0 The combined mechanical-chemical concept in which rubber spheres 

are used as one of the sealing elements, possess the best "fail- 

safe" features of all concepts evaluated, since either the 
spheres or the chemical reaction could effect a seal. 

0 In all self-sealing panel concepts, the outer face sheet acts 

as a meteoroid bumper shield, thereby resulting in an over-all 

panel configuration possessing high penetration resistance, 

shock wave damage control and self-sealing capability. 

0 The evaluation of the self-sealing configurations was limited 

to demonstrating their capability (at room temperature) for 

sealing air-filled compartments pressurized to one atmosphere. 

From these results, it can be said that these self-sealing 

concepts possess potential applications for use in the wall 

construction of manned space vehicles or other air pressurized 

compartments (up to one atmosphere pressure differential). 

Further evaluation will be required to determine the feasibility 

of these concepts for sealing punctured fluid-filled (both air 

and other fluids) compartments under more severe environmental 

conditions of pressure and temperature. 

0 For the present state of panel development, the weight that 

would have to be added to a double wall panel in order to give 

16 



it self-sealing capability may vary from 0.31 lbs/ft2 for the 
Elastomer Sphere Concept to 3.44 lbs/ft2 for one of the Rigid 

Silicone Foam/Balsa Wood configurations. However, as previously 

stated, these are non-optimized weights which could be substan- 

tially reduced if the panels would be subjected to a weight 

optimization program. 

Some of the components of the combined mechanical-chemical 

concepts possess multi-functional properties in that they may 

make structural and insulative contributions to the panel 

configurations. 

Damage control to the face sheets of punctured panels has been 

accomplished by use of nonmetallic laminates, and by isolating 

the pellet entry face from nearly incompressible materials 

(liquid chemicals) by air gaps or the interposition of low 

density highly compressible materials. Material loss, along 

the projectile entry path, has been mitigated by use of volume 

addition techniques (e.g., rapid foaming and curing polymers, 

with a volume expansion ratio of about 10 to 1). 

Impact induced damage to the pellet exit face of punctured 

chemical concept panels has not been severe enough (at impact 

velocities to 26,000 fps) to necessitate isolating it from the 

chemical compartment. However, at impact velocities above 
26,000 fps, the transmitted shock in the chemical compartment 

may be sufficiently high to severely damage the pellet exit face 
and, thereby necessitate its isolation from the chemical 

compartment . 
In order to enhance the further development and evaluation of self- 
sealing structures, the following recommendations are made: 

0 Optimize, for minimum weight, the panel configurations of the 

most promising self-sealing concepts developed during this 

17 



program. Evaluation of panel configurations should be conducted 

with particle sizes more representative of the greater majority 
of meteoritic particles expected to impact a space vehicle 
(1/16-inch diameter and smaller). Particle velocities should 

be in excess of 25,000 fps. 

0 The most promising weight optimized self-sealing structure 

concepts should be integrated into lightweight space vehicle 

structural panel configurations. 

to the following factors: 

Consideration should be given 

1. Fabrication problems associated with incorporating 

panel designs into practical space vehicle structural 

configurations. 

2. Lightweight construction consistent with structural 

integrity and self-sealing capabi1it.y. 

3 .  Potential areas of space vehicle applications. 

0 The self-sealing panel configurations resulting from the above 

task should be subjected to analysis and a comparative evalua- 

tion with the armor plate and meteoroid bumper techniques. 

Some of the factors and parameters that should be considered 

in evaluating non-self-sealing structures with those possessing 

self-sealing capability should include, but not be limited to 

the following: 

2 1. Ballistic limit for equivalent panel weight (lbs/ft ) 

configurations. 
2 2. Panel weights (lbs/ft ) for equivalent ballistic limits. 

3 .  Panel weight (lbs/ft ) for various probabilities of 
zero to "n" punctures and €or various values of the 

mission parameter ( A T )  .* 

2 

* A =Area exposed to meteoroid environment. 
T =  Mission time in meteoroid environment. 

18 



4 .  Air leakage rate (across a pressure differential of one 

atmosphere) for each panel configuration punctured at 

impact velocities equal to their ballistic limit. 

5 .  Structural compatibility. 

6. Multifunctional properties of panel components. 

7 .  Realiability and “fail-safe‘! capability of each con- 

figuration. 

0 For each successful self-sealing panel configuration, determine 

their environmental limitations to extreme temperature exposures 

and various compartment pressure differentials. This evaluation 

should be conducted for both air and other fluid-filled compart- 

ments applicable to space vehicle mission requirements. 
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3.0 TECHNICAL DISCUSSION AND ANALYSIS 

3 . 1  HIGH VELOCITY PARTICLE PENETRATION INTO COMPARTMENTS CONTAINING A 
NEARLY I N  OOMPRES SI  BLE MEDI UM 

When a h i g h  v e l o c i t y  p a r t i c l e  p e n e t r a t e s  a compartment c o n t a i n i n g  a 

n e a r l y  i n c o m p r e s s i b l e  material ( l i q u i d  o r  s o l i d ) ,  t h e  i n c i d e n t  shock wave 

induces  ex t remely  h i g h  p r e s s u r e s  a t  t h e  compartment w a l l  i n t e r f a c e  which 

may exceed t h e  dynamic r u p t u r e  s t r e n g t h  o f  t h e  p e n e t r a t e d  w a l l .  I f  t h e  

p e n e t r a t e d  w a l l  material i s  metallic o r  p rone  t o  r a p i d  c r a c k  p r o p a g a t i o n ,  

when loaded a t  h i g h  s t r a i n  rates,  t h e n ,  t h e  consequence may b e  p e t a l l i n g  

and /o r  e x p l o s i v e  r u p t u r i n g  o f  t h e  p e n e t r a t e d  f a c e  s h e e t s .  T h i s  w a s  

d r a m a t i c a l l y  demonst ra ted  d u r i n g  t h e  b a l l i s t i c  t e s t i n g  o f  o n e  o f  t h e  

ear l ier  panel  c o n f i g u r a t i o n s .  The pane l  c o n s t r u c t i o n  w a s  b a s i c a l l y  a 

honeycomb core sandwich, w i t h  t h e  c o r e  ce l l s  f i l l e d  w i t h  a n e a r l y  incom- 

p r e s s i b l e  e l a s tomer .  The p e l l e t  e n t r y  f a c e  o f  t h e  pane l  was an  0 .032-  

i n c h  aluminum s h e e t  w h i l e  t h e  p e  l e t  e x i t  f a c e  w a s  a 1 / 1 6 - i n c h  a s b e s t o s  

c l o t h  ( w i r e  r e i n f o r c e d )  neoprene  s h e e t .  The aluminum f a c e  s h e e t  p e t a l l e d  

whi le  the  neoprene s h e e t  d i d  n o t  (see F i g u r e  3-1).  

The chemical  compartments used  i n  t h e  chemica l  s e l f - s e a l i n g  pane l  con- 

f i g u r a t i o n s  are i n  e s s e n c e  l i q u i d - f i l l e d  t a n k s  and ,  as a consequence,  are 

a l s o  s u b j e c t  t o  such f a i l u r e s .  An example o f  t h e  e x p l o s i v e  r u p t u r i n g  o f  

a n  aluminum f a c e  s h e e t  used  as t h e  p e n e t r a t e d  wall o f  a l i q u i d  (water) 

f i l l e d  t ank  i s  shown i n  F i g u r e  3-2. 

I n  o r d e r  t o  o b t a i n  a b e t t e r  unde r s t and ing  o f  t h e  magnitude o f  t h e  p r e s s u r e s  

t h a t  may b e  g e n e r a t e d  by a h i g h  v e l o c i t y  p a r t i c l e  p e n e t r a t i n g  t h e  chemica l  

compartments of a chemical  s e l f - s e a l i n g  p a n e l ,  t h e  method o f  a n a l y s i s  d e s -  

c r i b e d  i n  Appendix A i s  used  t o  d e t e r m i n e  t h e  p e r t i n e n t  i n t e r f a c e  p r e s s u r e s .  

The r e q u i r e d  Hugoniot shock d a t a  f o r  t h e  chemica l s  and f a c e  s h e e t  materials 

used  i n  t h e  s e l f - s e a l i n g  p a n e l s  were n o t  a v a i l a b l e .  T h e r e f o r e ,  e x i s t i n g  

shock d a t a  o f  materials w i t h  d e n s i t i e s  approx ima te ly  equa l  t o  t h o s e  o f  

i n t e r e s t  were s e l e c t e d  f o r  t h i s  a n a l y s i s .  T h i s  approach .  a l t h o u g h  y i e l d i n g  

a n  approximate s o l u t i o n ,  i s  s u f f i c i e n t l y  a c c u r a t e  t o  i n d i c a t e  t h e  p e r t i n e n t  

p r e s s u r e s  w i t h i n  a factor o f  two o r  less. For  t h i s  a n a l y s i s ,  an  aluminum 
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p r o j e c t i l e  was assumed t o  impact  a w a t e r - f i l l e d  nylon  w a l l  compartment a t  

an  impact  v e l o c i t y  o f  20,000 fps .  

f a c e  p r e s s u r e s  i s  i l l u s t r a t e d  i n  F i g u r e  3 - 3 .  

The g r a p h i c a l  s o l u t i o n  f o r  t h e  i n t e r -  

An aluminum p r o j e c t i l e  impac t ing  a nylon compartment w a l l  a t  20,000 f p s  

w i l l  r e s u l t  i n  a n  Al /nylon  i n t e r f a c e  p r e s s u r e  o f  425 k i l o b a r s  (P t .A)  w h i l e  

t h e  Nylon/H 0 i n t e r f a c e  p r e s s u r e  would be 370 k i l o b a r s  (-5.44 X 10 

(P t .B) .  

6 
p s i )  2 

It i s  t h i s  la t ter  p r e s s u r e  t h e n  t h a t  loads  up t h e  compartment w a l l .  T h i s  

p r e s s u r e ,  when combined w i t h  i n i t i a l  impact induced  damage t o  t h e  w a l l ,  

r e s u l t s  i n  r u p t u r e  o f  t h e  p e n e t r a t e d  f a c e  s h e e t .  It i s  i n t e r e s t i n g  t o  

n o t e  t h a t ,  f o r  t h e  b a l l i s t i c  c o n d i t i o n s  c i t e d ,  an  aluminum compartment 

w a l l  g i v e s  an  A l / H  0 i n t e r f a c e  p r e s s u r e  of 360 k i l o b a r s  ( P t . C )  o r  10 k i l o -  

b a r s  lower t h a n  when a lower d e n s i t y  (Nylon) material i s  used  f o r  t h e  com- 

par tment  w a l l .  On t h e  o t h e r  hand, t h e  i n i t i a l  impact  p r e s s u r e  o f  t h e  

aluminum p r o j e c t ' l l e  on  t h e  aluminum w a l l  ( A l / A l )  i s  about  twice t h a t  o f  

the aluminum p r o j e c t i l e  o n  t h e  nylon w a l l  (A l /Ny lon j .  T h i s  a p p a r e n t  

anomaly can be e x p l a i n e d  by t h e  f a c t  t h a t  t h e  impedance* mismatch between 

t h e  aluminum and water i s  g r e a t e r  t h a n  between nylon  and water. T h i s  re- 

s u l t s  i n  a smaller p e r c e n t a g e  o f  t h e  i n c i d e n t  p r e s s u r e  b e i n g  t r a n s m i t t e d  

t o  t h e  water f o r  t h e  A l / A l / H  0 impact  cond i t ions .  However, i t  shou ld  no t  

be  concluded  t h a t  a n  aluminum w a l l  compartment would b e  more e f f e c t i v e ,  

f o r  damage c o n t r o l ,  t h a n  an  a p p r o p r i a t e  s t r u c t u r a l  n o n - m e t a l l i c  w a l l .  

Metals i n  g e n e r a l  are more s e n s i t i v e  than  n o n - m e t a l l i c s  t o  r a p i d  c r a c k  

p r o p a g a t i o n  when s u b j e c t e d  t o  l o a d i n g  c o n d i t i o n s  unde r  h i g h  s t r a i n  rates 

( e . g . ,  h y p e r v e l o c i t y  impact  c o n d i t i o n s ) .  They would be expec ted  t o  s u s -  

t a i n  more e x t e n s i v e  damage t h a n  n o n - m e t a l l i c s  when t e s t e d  unde r  similar 

b a l l i s t i c  c o n d i t i o n s .  T h e r e f o r e  i n  o r d e r  t o  m i t i g a t e  t h e  haza rd  o f  ex- 
p l o  s i v e  r u p t u r i n g  o f  the s e l f  - seali ng panel 6 ,  non-metal  l i  c s t r u c t  u r a l  

l a m i n a t e  f a c e  s h e e t s  were used  and t h e  chemical  compartment,  o f  t h e  

chemica l  s e l f  - s e a l i n g  c o n f i g u r a t i o n s ,  was i s o l a t e d  from t h e  p e l l e t  e n t r y  

*Impedance = ( p  C + pohUp) where po = unshocked mass d e n s i t y ,  Co = b u l k  

a c o u s t i c  v e l o c i t y ,  A = e m p i r i c a l  c o m p r e s s i b i l i t y  f a c t o r  and Up = m a t e r i a l  

p a r t i c l e  v e l o c i t y  

2 

2 

0 0  
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f a c e  of t h e  panel. 

3.2 PERFORATION OF COMPOSITE STRUCTURES 

I n  g e n e r a l ,  candidate  s e l f - s e a l i n g  geometries c o n s i s t  of composite assem- 

b l i e s  of  metall ic o r  non-metal l ic  f a c e  sheets  and a s o f t e r ,  polymeric 

i n t e r i o r  whose func t ion  i s  t o  c l o s e  t h e  perforat ion.  The s e a l a n t  l a y e r s  

proposed and t e s t e d  may be  i n  l i q u i d  o r  so l id  form, depending on t h e  mode 

of  a c t i v a t i o n  of t h e  s e l f  - s e a l i n g  mechanism. I n  a d d i t i o n ,  low-density 

i n t e r l a y e r s  have been used t o  i s o l a t e  t h e  s e a l a n t  l a y e r  from t h e  s t r u c t u r a l  

f a c e  s h e e t s  of  t h e  panels  t o  prevent  excessive damage t o  t h e  l a t te r  by 

shock wave transmission. The presence o f  d i s c o n t i n u i t i e s  i n  t h e  pane l s  

complicates  a n a l y s i s  of  p e n e t r a t i o n  and hole s i z e .  For  t h i s  reason, an 

approach us ing  semi-empirical  p e n e t r a t i o n  mechanics, modified t o  t h e  case 

of  layered media, h a s  been implemented. It w a s  t h e  purpose o f  t h i s  

a n a l y s i s  t o  e s t a b l i s h  t h e  r e l a t i o n s h i p  between p e n e t r a t i o n  r e s i s t a n c e  and 

h o l e  s i z e  i n  t a r g e t s  of  s t r a t i f i e d  media. 

3.2.1 A Semi-Empirical Theory of Pe r fo ra t ion  o f  Composite TarRets. I n  

Reference 3, Watson p r e s e n t s  an a n a l y s i s  p e r t i n e n t  t o  t h e  case o f  p l a t e  

pe r fo ra t ion .  T h i s  a n a l y s i s  h a s  f e a t u r e s  which m e r i t  s tudy f o r  a p p l i c a t i o n  

t o  composite o r  layered panel p e r f o r a t i o n ,  

1 o w i  ng paragraph. 

It i s  summarized i n  t h e  f o l -  

A s o - c a l l e d  r e s i s t a n c e  t o  p e n e t r a t i o n  i s  pos tu l a t ed  i n  t h e  form 

0 

P = %ptf5a + K (3-1) 

where t h e  f i r s t  term on t h e  r i g h t  i s  a s tagnat ion p r e s s u r e  i n  t h e  t a r g e t  

medium and t h e  K- fac to r  i s  an empi r i ca l  t a rge t  s t r e n g t h  term. The t a r g e t  

space coord ina te  is G measured i n  t h e  d i r e c t i o n  o f  t a r g e t  t h i ckness .  

normal impact i s  considered. Considering the  p r o j e c t i l e  t o  be t r a v e r s i n g  

t h e  t a r g e t  medium, t h e  summation o f  f o r c e s  a c t i n g  on t h e  p r o j e c t i l e  mass, 
mp, y i e l d s  

Only 

.. 
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where dot  symbols d e f i n e  d i f f e r e n t i a t i o n  wi th  r e s p e c t  t o  time, s u b s c r i p t s  

and r e f e r  t o  p r o j e c t i l e  and t a r g e t  p r o p e r t i e s ,  r e s p e c t i v e l y ,  and A 
P 
represents  area. Upon t h e  s u b s t i t u t i o n  

.. 
53 = z d'i5/d? (3-3) 

and the boundary condi t ion  

e = v  e = o  
i '  

t h e  so lu t ion  t o  equat ion  ( 3 - 2 )  i s  

( 3 - 4 )  

where Z is the r e s i d u a l  v e l o c i t y  of t h e  p r o j e c t i l e  mass a f t e r  p e r f o r a t i n g  

a thickness ,  Z. 

equation (3-5) by imposing 

A t h i c k - t a r g e t  p e n e t r a t i o n  formula may b e  obta ined  from 

- 
e =  P;  e =  0 (3-6)  

and solving 

(3-71  

Equation (3 -7 )  i s  similar t o  t h e  familiar Herrmann-Jones p e n e t r a t i o n  

r e l a t i o n  

where H t h e  B r i n e l l  hardness  of  t h e  t a r g e t  material, assumes t h e  s i g n i f i -  

cance of  t h e  K-factor  from Watson's equat ion.  

Jones  equat ion  is known. 

t' 
The u t i l i t y  o f  t h e  Herrmann- 

The l i m i t a t i o n s  of t h e  Watson equat ion  ar ise  from the o b s e r v a t i o n  t h a t  no 

s i n g l e  va lue  of  K-fac tor  s u f f i c e s  o v e r  a moderate range of impact velocit ies.  

T h i s  i s  h i g h l y  sugges t ive  of  E - dependence, and forms t h e  basis f o r  a 
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s l i g h t l y  modi f ied  a n a l y s i s  p e r t i n e n t  t o  t h e  case o f  composi te  pane l  p e r -  

f o  rat ion .  

3.2.2 Modif ied Analys is .  It i s  proposed t h a t  e q u a t i o n  ( 3 - 2 )  be  modi f ied  

t o  r ead  

.. . 

where t h e  t a r g e t  h o l e  area term, A (Z)  has been in t roduced .  

t h a t  w e  are concerned b d t h  t h e  s i t u a t i o n  where t h e  t a r g e t  h o l e  area ( o r  

damaged area) v a r i e s  w i t h  dep th ,  p a r t i c u l a r l y  f o r  the composi te  t a r g e t s  

o f  concern  here. 

?-dependence of  the t a r g e t  d e n s i t y .  A s t ep -wise  s o l u t i o n  t o  each  l a y e r  

i s  sugges t ed .  As an approximat ion ,  t h e  e f f e c t s  o f  d e n s i t y  g r a d i e n t s  w i l l  

b e  n e g l e c t e d  and a s o l u t i o n  o f  t h e  fo l lowing  form i s  sugges t ed ;  

It i s  obvious  t 

The s o l u t i o n  t o  equat ion  ( 3 - 9 )  i s  compl ica ted  by t h e  

- 
- P  Z A 

@ = e  "m [ c o n s t  -X l~t~tApE'mp dE] (3 -10)  
mP P 

- P  Z A " p A Elm 
@ = e  "m [ c o n s t  -X l A t e  dE] (3 -10)  

mP P 

where 

and h i s  t h e  o v e r a l l  t a r g e t  t h i c k n e s s .  

o f  e q u a t i o n  ( 3 - 4 )  t o  p r e s e r v e  t h e  i d e n t i t y  of  t h e  K - f a c t o r  f o r  purposes  

o f  comparison,  y i e l d s ,  

Now, a p p l y i n g  t h e  boundary c o n d i t i o n  

- _L. 

h p ? A  -PtE A h - p  E A 

PAtd? ] 21 = v?e 1 t P'mp + 2K m e 'Imp [: Atd?- e prcn 
P 

(3-12)  

I n  o r d e r  t o  de t e rmine  t h e  v a l u e  o f  t h e  t a r g e t  s t r e n g t h  f a c t o r ,  K,  from 

exper iment ,  one must r e c o r d  t h e  impact and r e s i d u a l  v e l o c i t i e s ,  and t h e  

t a r g e t  h o l e  p r o f i l e .  

t r a r y  t e r m ,  e s p e c i a l l y  a t  speeds  where p r o j e c t i l e  f r a g m e n t a t i o n  and s p r a y  

c loud  f o r m a t i o n  occur  upon p e r f o r a t i o n .  

, 

~ 

I 
However, t h e  r e s i d u a l  v e l o c i t y  i s  a somewhat a r b l -  

S ince  t h i s  i s  t h e  r u l e  r a t h e r  

27 



t h a n  t h e  excep t ion ,  one a l t e r n a t i v e  i s  t o  perform expe r imen t s  a t  t h e  t a r -  

g e t  b a l l i s t i c  l i m i t ,  t h e r e b y  e l i m i n a t i n g  t h e  r e s i d u a l  v e l o c i t y  term. The 

b a l l i s t i c  l i m i t  is d e f i n e d  as t h e  t h r e s h o l d  impact  v e l o c i t y  a t  which t h e  

t a r g e t  s t o p s  t h e  p r o j e c t i l e .  I n  t h i s  case, Z = 0 and 
. 

m P A Z / m  h -1 
K = F V ~  [ S, e I' AtdE - AtdZ 3 (3-13) 

The i n t e g r a l s  may be  e v a l u a t e d  by p o s t - s h o t  i n s p e c t i o n  o f  expended t a r g e t s .  

T e s t  panel i n t e r i o r s  o f  materials which " t r ap"  t h e  damage p a t t e r n  are re- 

qui red .  

f o r  tes t  c o n f i g u r a t i o n s .  O t h e r  f a c t o r s ,  d i c t a t i n g  a requi rement  f o r  low 

d e n s i t y  i n t e r l a y e r s ,  made t h i s  requi rement  compa t ib l e  w i t h  t h e  o v e r a l l  

tes t  program. 

F o r  t h i s  r eason  b a l s a  wood o r  r i g i d  foam i n t e r l a y e r s  were sugges ted  

A series of  t es t  s h o t s  i n v o l v i n g  t h e  u s e  of  b a l s a  wood i n t e r l a y e r s  i s  d e s -  

c r i b e d  i n  S e c t i o n  4.3.4. The t a r g e t  s t r e n g t h  term, K ,  was c a l c u l a t e d  f o r  

one  c o n f i g u r a t i o n  r e p r e s e n t i n g  t h e  b a l l i s t i c  l i m i t .  

A number o f  c o n c l u s i o n s  may b e  drawn from t h e  a n a l y s i s  and t h e  l i m i t e d  

test r e s u l t s .  

assuming a n  a v e r a g e  d e n s i t y  o f  t h e  pane l  and n e g l e c t i n g  h o l e  s i z e  v a r i a -  

t i o n .  

B-4, see S e c t i o n  4.3.4) w a s  made. 

A comparison w i t h  t h e  o r i g i n a l  a n a l y s i s  can be  made by 

A comparison o f  c a l c u l a t e d  s t r e n g t h  f a c t o r s  f o r  one t e s t  case ( P a n e l  

6 2 
Watson's o r i g i n a l  method: K=1.66 X 10 ps f  = 7.96 X 108 dyneslcm 

6 2 
Modified composi te  p a n e l  method: K=1.12 X 10 psf  = 5.363 X lo8 dyneslcm 

The agreement of terms is deemed g r a t i f y i n g  i n  view o f  t h e  d i f f e r e n c e  i n  

methods o f  c a l c u l a t i o n ,  and t h e  i n c l u s i o n  o f  h o l e  dependence i n s t h e  latter. 

A t  p r e s e n t ,  no s i g n i f i c a n c e  can b e  a t t a c h e d  t o  the lower v a l u e  o f  t h e  

lat ter except  t h e  absence  o f  t h e  c o n t r i b u t i o n  from the backup s h e e t  which 

was no t  p e r f o r a t e d .  It can  b e  s t a t e d  t h a t  the c a l c u l a t e d  v a l u e s  o f  s t r e n g t h  

f a c t o r  are depres sed  two o r d e r s  o f  magni tude below v a l u e s  f o r  con t inuous  

meta 1 1 i c tarne t 8.  
3 

28 



The e x p o n e n t i a l  term 

-PtZ A / m  
e P P  

i n  e q u a t i o n  (3 -12)  b r i n g s  i n t o  t h e  a n a l y s i s  o f  composi te  p a n e l  p e r f o r a t i o n  

t h e  i n f l u e n c e  o f  t a r g e t  area d e n s i t y  and  p r o j e c t i l e  s i z e  e f f e c t s .  

p r e c i s e  d e f i n i t i o n  o f  K - f a c t o r  p e r m i t s  t h e  d e l i n e a t i o n  of s c a l i n g  e f f e c t s  

I 

I 
The 

I which would b e  ex t r eme ly  impor t an t  t o  p r a c t i c a l  d e s i g n  c o n s i d e r a t i o n s .  

U n f o r t u n a t e l y ,  a d d i t i o n a l  d a t a  are n o t  a v a i l a b l e ,  f rom tests t o  b e  con- 1 
duc ted  a t  M c G i l l  U n i v e r s i t y  a t  t h i s  w r i t i n g ,  t o  conf i rm i n i t i a l  conc lu -  

s i o n s  abou t  t h e  t a , r g e t  s t r e n g t h  t e r m .  

The comple te  c a l c u l a t i o n  o f  t h e  modif ied s t r e n g t h  f a c t o r  f o r  a composi te  

pane l  i s  p r e s e n t e d  i n  S e c t i o n  4.3.4, T a b l e  4-1. 

3.3 MATERIAL SFLECTTON AND EVALUATION 

The e f f e c t i v e n e s s  o f  a s e l f - s e a l i n g  s t r u c t u r e  t o  c o n t r o l  t h e  me teo ro id  

haza rd  t o  s p a c e  v e h i c l e s  w i l l  depend t o  a g r e a t  e x t e n t  upon t h e  s e l e c t i o n  

and u s e  of s u i t a b l e  materials. 

b i l i t y  and space area a p p l i c a b i l i t y ,  t h e  s e l e c t i o n  and e v a l u a t i o n  o f  

materials should  b e  performed unde r  combined s i m u l a t e d  space  envi ronments .  

To s i m u l a t e  t r u e  s p a c e  m i s s i o n s ,  t h e  dependence o f  s e l f - s e a l i n g  c a p a b i l i t y  

upon combined t e m p e r a t u r e  ex t r emes ,  vacuum and r a d i a t i o n s  should  b e  e s t a b -  

l i s h e d .  However, due  t o  t h e  n e c e s s i t y  t o  i n v e s t i g a t e  s e l f - s e a l i n g  con- 

c e p t s  g i v i n g  e f f e c t i v e  s e a l i n g  a t  h i g h e r  v e l o c i t i e s  ( u p  t o  26,000 f p s )  

and  i n  t h e  i n t e r e s t  o f  s i m p l i f i c a t i o n  and e f f i c i e n c y ,  t h e  major e f f o r t  

d u r i n g  t h i s  y e a r ' s  r e s e a r c h  program was c o n c e n t r a t e d  on t h e  s e l e c t i o n  and  

e v a l u a t i o n  o f  materials t o  b e  i n c o r p o r a t e d  i n  s e l f  - s e a l i n g  t e c h n i q u e s  f o r  

minimiz ing  t h e  d e t r i m e n t a l  h i g h  v e l o c i t y  shock wave e f f e c t s  on  t h e  s e a l i n g  

c a p a b i l i t y  o f  o u r  self - s e a l i n g  concep t s  under  one  s t a n d a r d  environment .  

To e s t a b i i s h  more r e a i i s c i c a l l y  the f e a s i -  

The tests which were performed c o n s i s t e d  o f  impac t ing  self s e a l i n g  s t r u c -  

t u r e s  w i t h  1/8-inch steel  p e l l e t s  a t  v e l o c i t i e s  from 7,000 f p s  t o  26,0001 

fps .  The environment  under  which t h e s e  tests were performed w a s  ambient  

t e m p e r a t u r e  ( 70 t o  80 F.) and a p r e s s u r e  d i f f e r e n t i a l  o f  one  a tmosphere  

(14.7 p s i . )  e x i s t i n g  a c r o s s  t h e  s e l f - s e a l i n g  s t r u c t u r e  f a c e s  a t  t h e  t i m e  o f  

impact.  

0 
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The weight f a c t o r  was c o n s i d e r e d  as secondary  i n  o r d e r  t h a t  more emphasis  

cou ld  be  p l a c e d  upon t h e  e v a l u a t i o n  o f  v a r i o u s  s e l f - s e a l i n g  concepts .  

Although t h e  weight  f a c t o r  w a s  c o n s i d e r e d  as secondary ,  t h e  non-opt imized  

weights  f o r  a l l  t h e  s e l f  - s e a l i n g  s t r u c t u r e s  i n v e s t i g a t e d  d u r i n g  t h i s  p ro -  
2 2 

gram v a r i e d  from 0.31 l b / f t  t o  3.44 l b s / f t  . Also,  s i n c e  w e  have  reached  

t h e  poin t  i n  t h i s  last  q u a r t e r  o f  t h e  program where w e  are now a b l e  t o  

seal at h i g h e r  v e l o c i t i e s  ( u p  t o  26,000 f p s ) ,  a weight  o p t i m i z a t i o n  p r o -  

gram has been  i n i t i a t e d  f o r  some o f  o u r  most s u c c e s s f u l  s e l f - s e a l i n g  

st  r u c t u r e s .  

During t h i s  t a s k ,  t h e  b i g  s t e p  i n  t h e  s e l e c t i o n  and e v a l u a t i o n  o f  materials 

was t o  improve t h e  s e a l i n g  a t  v e l o c i t i e s  from 15,000 f p s  t o  25,000 f p s  and 

up. I n  the  p r e v i o u s  y e a r ' s  program, t h e  f e a s i b i l i t y  o f  f a b r i c a t i n g  s u c -  

c e s s f u l  s e l f - s e a l i n g  s t r u c t u r e s  a t  impac t ing  v e l o c i t i e s  t o  7,000 f p s  was 

demonstrated.  However, by  u s i n g  similar s e l f - s e a l i n g  s t r u c t u r e s  a t  impact  

v e l o c i t i e s  t o  23,000 f p s ,  tes ts  had r e v e a l e d  t h a t ,  due t o  i n c r e a s e d  shock 

wave e f f e c t s ,  g r e a t e r  damage t o  t h e  s t r u c t u r e  f a c e  s h e e t s  and material 

removal a l o n g  t h e  p e l l e t  e n t r y  p a t h  would make i t  more d i f f i c u l t  t o  a c h i e v e  

e f f e c t i v e  s e a l i n g  a t  t h e s e  h i g h e r  v e l o c i t i e s .  

To a l l e v i a t e  t h e s e  shock wave e f f e c t s  a t  h i g h e r  v e l o c i t i e s ,  t h e  f o l l o w i n g  

t echn iques  were i n v e s t i g a t e d :  

The u t i l i z a t i o n  of n o n m e t a l l i c  f a c e  s h e e t s .  

The s e p a r a t i o n  o f  t h e  l i q u i d  chemica l  c o n s t i t u e n t s ,  i n  p a r t i c u l a r  from 

the  e n t r y  face s h e e t  of t h e  s e l f - s e a l i n g  s t r u c t u r e ,  by i n s e r t i n g  be-  

tween t h e  chemica l  compartment and  t h e  e n t r y  f a c e  s h e e t ,  a h i g h l y  com- 

p r e s s i b l e  and ene rgy  a b s o r b i n g  material. 

New self - s e a l i n g  c o n c e p t s  u s i n g  foaming sys t ems  t o  i n t r o d u c e  i n  t h e  

s e l f - s e a l i n g  s t r u c t u r e ,  a volume expanding  system. 

The combina t ion  of the b e s t  mechanica l  c o n c e p t s  w i t h  t h e  b e s t  chemica l  

concepts  t o  accompl ish  a g r e a t e r  s e l f - s e a l i n g  c a p a b i l i t y  a t  h i g h e r  

v e l o c i t y  impact.  



The i n c o r p o r a t i o n  o f  t h e s e  new t echn iques  r e q u i r e d  an  e x t e n s i v e  s t u d y  o f  

a wide range  o f  materials. 

The d e g r e e  o f  damage provoked t o  t h e  f a c e  s h e e t s ,  and ,  p a r t i c u l a r l y  t o  t h e  

e n t r y  f a c e  s h e e t ,  upon impact  by a 1 /8 - inch  p r o j e c t i l e  i s  one o f  t h e  major  

de t e rmin ing  f a c t o r s  o f  t h e  s e l f - s e a l i n g  c a p a b i l i t y  of  t h e  s e l f - s e a l i n g  

s t r u c t u r e .  Thus,  t h e  s e l e c t i o n  o f  t h e  proper  materials f o r  t h e  f a b r i c a t i o n  

of t h e  s e l f - s e a l i n g  s t r u c t u r e  f a c e  s h e e t s  w a s  of  g r e a t  importance.  P a r t i -  

c u l a r l y ,  a t  h i g h  v e l o c i t i e s  (15,000 to  25,000 f p s  and up) t h i s  s e l e c t i o n  

w a s  c r u c i a l  due t o  t h e  shock wave e f f e c t s .  

Fo r  example, t h e  e f f i c i e n c y  o f  t h e  concepts  whereby e l a s t o m e r i c  s p h e r e s  

are used as  t h e  h i g h l y  compress ib l e  m a t e r i a l  and energy a b s o r b e r  w i l l  d e -  

pend on t h e  r e g u l a r i t y  o f  " c l e a n l i n e s s "  of t h e  punc tu re  i n  t h e  s e a l i n g  

f ace .  I d e a l l y ,  t h i s  punc tu re  should  b e  c i r c u l a r  w i t h  no r a d i a l  c r a c k i n g  

around i t  and no de lamina t ion  o f  t h e  s e a l i n g  s u r f a c e  o r  f r a y i n g  o f  i t s  

edges.  

d i f f e r e n t i a l  a c t i v a t i n g  i t  t o  seat f i rmly  i n  t h e  p u n c t u r e  and seal i t  

p a r t i a l l y  or e f f e c t i v e l y  w i t h  t h e  chemical system comple t ing  t h e  seal o r  

r e i n f o r c i n g  it. 

S i m i l a r l y ,  i n  t h e  case o f  t h e  concept  whereby f i b e r s  are used  as t h e  h i g h l y  

compress ib l e  material and energy  abso rbe r ,  t h e  damage t o  t h e  s e a l i n g  s u r -  

f a c e  shou ld  b e  minimal so t h a t  t h e  f i b e r s  can  p a r t i a l l y  p lug  t h e  h o l e  more 

r e a d i l y  a n d  e n a b l e  t h e  chemical  system to e f f e c t  t h e  f i n a l  seal. 

3.3.1 S e l e c t i o n  o f  Materials f o r  t h e  S e l f - s e a l i n n  S t r u c t u r e  Face S h e e t s  

I n  t h e  search f o r  a s u i t a b l e  s e a l i n g  s u r f a c e  c o n f i g u r a t i o n  which had t o  

meet t h e  above  mentioned r equ i r emen t s ,  a l a r g e  v a r i e t y  o f  materials were 

i n v e s t i g a t e d .  

most s u i t a b l e  i s  a 3-p ly  l a m i n a t e  o f  181 f i b e r g l a s s  c l o t h  impregnated w i t h  

a 55% Versamide 125 and 45% Epoxy 828 r e s i n  combinat ion and a 1 / 3 2 - i n c h  

t h i c k  s h e e t  o f  AMs 3212 J n i t r i l e  rubber  bonded t o  t h e  epoxy l amina te  w i t h  

a p o l y s u l f i d e  s e a l a n t .  

T h i s  t y p e  o f  s e a l i n g  s u r f a c e  c o n f i g u r a t i o n  gave e x c e l l e n t  r e s u l t s  w i t h  a l l  

t h e  s e l f - s e a l i n g  concep t s  e v a l u a t e d  as well  a t  low v e l o c i t i e s  (7,000 f p s )  

T h i s  would e n a b l e  an e l a s t o m e r i c  s p h e r e  w i t h  o n l y  a small p r e s s u r e  

The c o n f i g u r a t i o n  which proves t o  be ,  as o f  t o  d a t e ,  t h e  
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as a t  h i g h e r  v e l o c i t i e s  (UP  t o  26,000 f p s ) .  

h o l e  d i ame te r  of t h e  s e l f  - s e a l i n g  s t r u c t u r e  e n t r y  f a c e  v a r i e s  normal ly  

from 1 / 8 - i n c h  t o  1 / 4 - i n c h  and i n  fewer  c a s e s ' t o  5 / 1 6 - i n c h  as t h e  v e l o c i t y  

i n c r e a s e s .  

response  of t h e  f a c e  s h e e t  material a t  t h e  h i g h  strain rates r e s u l t i n g  

from t h e  h i g h e r  impact  v e l o c i t i e s .  

behaves as i f  i t  were g l a s s - l i k e  w i t h  no damping mechanisms and r e sponds  

t o  impac t  l o a d i n g  as a " b r i t t l e "  material i n  t h a t  it s u f f e r s  g r e a t e r  

damage t h a n  at  t h e  lower s t r a i n  rates. 

I n  t h i s  v e l o c i t y  range ,  t h e  

T h i s  l a r g e  i n c r e a s e  i n  h o l e  area i s  caused  by t h e  dynamic 

A t  h i g h  s t ra in  rates t h e  material 

The s t r u c t u r a l  damage t o  b o t h  t h e  e n t r y  and e x i t  f a c e s  w i l l  v a r y  w i t h  t h e  

v e l o c i t y ,  t h e  t y p e  of compress ib l e  material used ,  t h e  t y p e  o f  chemica l  

components, t h e  t h i c k n e s s  o f  t h e  s e l f - s e a l i n g  s t r u c t u r e ,  and ,  t h e  t y p e  of 

p r o j e c t i l e  used. F o r  example, two s e l f - s e a l i n g  p a n e l s  hav ing  t h e  same 

s t r u c t u r a l  c o n f i g u r a t i o n  (see F i g u r e  3-41, were impacted a t  approx ima te ly  

t h e  same v e l o c i t y  (24 ,000  f p s )  by 1 / 8 - i n c h  d i a m e t e r  steel p e l l e t s .  

one  case,  t h e  chemica l  c o n s t i t u e n t  was f l u i d  RTV 60 s i l i c o n e  rubbe r  and ,  

i n  t h e  o t h e r  c a s e ,  r i g i d  foam s i l i c o n e  r e s i n .  A f t e r  p e n e t r a t i o n ,  t h e  

s t r u c t u r e  which c o n t a i n e d  t h e  l i q u i d  RTV 60 s i l i c o n e  rubbe r  showed a 1/4- 
i n c h  diameter h o l e  and no c r a c k i n g  i n  t h e  e n t r y  f ace .  However, t h e  e x i t  

f a c e  showed heavy c r a c k i n g  o f  t h e  epoxy l amina te .  But,  due t o  t h e  p r e s e n c e  

o f  the  n i t r i l e  rubbe r  s h e e t  o u t s i d e  t h e  e x i t  f a c e ,  t h e  damage w a s  k e p t  t o  

a minimum and a l lowed  t h e  h o l e  t o  seal. 

s e a l i n g  s t r u c t u r e  which c o n t a i n e d  t h e  r i g i d  foam s i l i c o n e  r e s i n  showed, 

a f t e r  impact ,  a 1 / 4 - i n c h  d i a m e t e r  h o l e  and no c r a c k i n g  i n  t h e  e n t r y  f a c e  

and  a 5 /16 - inch  d i a m e t e r  h o l e  and no c r a c k i n g  i n  t h e  e x i t  f a c e .  

I n  

On t h e  o t h e r  hand, t h e  s e l f -  

The d i f f e r e n t  r e s u l t s  o b t a i n e d  w i t h  t h e s e  s e l f - s e a l i n g  s t r u c t u r e s  are 

probably due t o  t h e  l a r g e  v a r i a n c e  i n  d e n s i t y  and  v i s c o s i t y  of t h e  two 

t y p e s  o f  chemica l  components. 

3.3.2 
The approach t o  minimize e x c e s s i v e  s e l f - s e a l i n g  s t r u c t u r e  damage and 

material removal l o c a l  t o  t h e  p e l l e t  e n t r y  p a t h  by i n t e r p o s i n g  h i g h l y  

compress ib le  material, n e c e s s i t a t e d  a thorough s t u d y  o f  v a r i o u s  materials. 

S e l e c t i o n  o f  Compress ib le  Materials f o r  Shock Wave A t t e n u a t i o n .  
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E s p e c i a l l y ,  t w o  t y p e s  o f  materials were r e t a i n e d :  (1) low d e n s i t y  a s b e s -  

t o s  f i b e r s ,  and ( 2 )  e l a s t o m e r i c  s p h e r e s  made of v a r i o u s  t y p e s  o f  rubbe r s .  

T h i s  t e c h n i q u e  encourages  t h e  expans ion  o f  t h e  shock wave i n  a compres- 

s i b l e  material and p e r m i t s  some la te ra l  d i s p e r s i o n  o f  t h e  i n c i d e n t  energy.  

I t  i s  c o n c e i v a b l e  t h a t  s u f f i c i e n t  energy  i s  d i s s i p a t e d  i n  t h i s  manner so 

t h a t  any p u n c t u r i n g  of  t h e  s e a l i n g  c o n s t i t u e n t s  w i l l  be accompl ished  a t  

a lower r e s i d u a l  v e l o c i t y ,  t h e r e b y  r e s u l t i n g  i n  minimum material removal 

and s u c c e s s f u l  s e a l i n g .  

The a s b e s t o s  f i b e r s  3R12 from Canadian Johns-Manvi l le  Co., L td . ,  used  as 

a compress ib le  material, demonst ra ted  v e r y  s u c c e s s f u l  r e s u l t s .  When used  

i n  the  " F i b e r  Mat Concept," t h a t  is, used  as t h e  s o l e  s e a l i n g  e l emen t ,  t h e  

f i b e r s  demonst ra ted  good s e l f - s e a l i n g  e f f e c t i v e n e s s  a t  low v e l o c i t i e s  ( u p  

t o  7,000 f p s ) .  However, a t  v e l o c i t i e s  of 12 ,000  f p s  and h i g h e r  ( u p  t o  

23,000 f p s ) ,  t h e  s e l f - s e a l i n g  c a p a b i l i t y  dec reased .  A t  t h e  h i g h e r  punc tu r -  

i n g  v e l o c i t i e s ,  t h e  shock waves, a l t h o u g h  a t t e n u a t e d  by t h e  f i b e r s ,  d i s -  

persed  t h e  f i b e r s  s u f f i c i e n t l y  a f a r  from t h e  p e l l e t  e n t r y  p a t h  t o  p r e v e n t  

t h e i r  be ing  drawn t o  t h e  h o l e  i n  s u f f i c i e n t  q u a n t i t y  t o  e f f e c t  a seal. 

The s e l f - s e a l i n g  e f f e c t i v e n e s s  o f  t h e  a s b e s t o s  f i b e r s  a t  h i g h e r  v e l o c i t i e s  

( u p  t o  26,000 f p s )  when combined w i t h  a chemica l  sys tem is i n c r e a s e d  d r a s t i -  

c a l l y .  A s  a matter o f  f a c t ,  one  o f  t h e  b e s t  s e l f - s e a l i n g  s t r u c t u r e s  t o  

d a t e  c o n s i s t s  of  a combinat ion o f  f i b e r s  and  r i g i d  foam. 

was t e s t e d  a t  23,500 f p s  a t  M c G i l l  U n i v e r s i t y  u s i n g  1 / 8 - i n c h  d i a m e t e r  

steel p e l l e t s  and g i v i n g  a n  immediate  and  comple te  seal. 

used  i n  combina t ion  w i t h  t h e  chemica l  c o n c e p t s ,  were found t o  improve t h e  

s e a l i n g  a c t i o n  by r educ ing  t h e  e f f l u x  o f  t h e  chemica l  s e a l i n g  c o n s t i t u e n t s  

through t h e  punc tu re  b e f o r e  t h e  chemica l  s e a l i n g  p r o c e s s  i s  completed.  

T h i s  combina t ion  

The f i b e r s ,  when 

The e l a s t o m e r i c  s p h e r e s  which were r e t a i n e d  as t h e  o t h e r  compress ib l e  

material demonst ra ted  e x c e l l e n t  r e s u l t s  t o o ,  as w e l l  a t  l o w  v e l o c i t i e s  

as a t  h i g h e r  v e l o c i t i e s  ( u p  t o  25,000 f p s ) .  

t r o l l i n g  t h e  e l a s t o m e r i c  s p h e r e s  s e a l i n g  c a p a b i l i t y  were s t u d i e d .  The 

parameters  i n c l u d e d  s p h e r e  d i a m e t e r ,  impact  h o l e  d i a m e t e r  o r  s l o p e  o f  

The p h y s i c a l  pa rame te r s  con-  
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h o l e ,  s p h e r e ' m a t e r i a l ,  and p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  h o l e ,  

T h r e e  d i f f e r e n t  materials were s e l e c t e d  f o r  t h e  f a b r i c a t i o n  of t h e s e  

e l a s t o m e r i c  s p h e r e s ,  RTV 11 s i l i c o n e  rubber  and RTV 60 s i l i c o n e  r u b b e r  

( b o t h  from General  E lec t r ic )  and EC 1828 expanded n a t u r a l  r u b b e r  foam 

( f rom 2 M Company). The s i z e s  ranged from 112- inch  t o  118- inch  i n  

d i a m e t e r .  

Upon comple t ion  of t h e s e  s t u d i e s ,  t h e  fo l lowing  c o n c l u s i o n s  were d e r i v e d :  

The e l a s t o m e r i c  s p h e r e s  should be  s e l e c t e d  so a s  t o  be  larger than  

t h e  l a r g e s t  a n t i c i p a t e d  p u n c t u r e .  The amount of o v e r s i z e  depends on 

t h e  p e r i p h e r a l  damage a n t i c i p a t e d  around t h e  p u n c t u r e .  

The s p h e r e s  shou ld  b e  s o f t  enough t o  conform t o  i r r e g u l a r i t i e s  i n  t h e  

p u n c t u r e ,  and t r apped  f r agmen t s  of  s e a l i n g  s u r f a c e  a n d l o r  damaged 

s p h e r e s ,  and s t i l l  e f f e c t  a seal .  
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d i f f e r e n t i a l  i s  14.7 p s i  w i l l  con t inue  t o  seal a g a i n s t  lesser p r e s s u r e  

d i f f e r e n t i a l  i f  t h e  p r e s s u r e  i s  reduced on t h e  "cabin" s i d e .  

When used i n  t h e  "E las tomer i c  Sphe res  Concept," t h a t  i s ,  as t h e  s o l e  

n e a l i v q  e l e m e n t ,  t h e  e l a s t o m e r i c  s p h e r e s  demonstrated e x c e l l e n t  s e l f  - 
s e a l i n g  c a p a b i l i t i e s  a t  low v e l o c i t i e s  as w e l l  as  a t  h i g h e r  v e l o c i t i e s  

( u p  t o  25,000 f p s ) .  

s e a l i n g  c a p a b i l i t y  which i s  lower a t  h ighe r  v e l o c i t i e s .  

T h i s  i s  i n  c o n t r a s t  t o  t h e  a s b e s t o s  f i b e r s  s e l f -  

I t  was shown t h a t  e l a s t o m e r i c  s p h e r e s  were c a p a b l e  of e f f e c t i v e l y  s e a l i n g  

p u n c t u r e s  caused by 118- inch  d i a m e t e r  lead,  g l a s s  and alleel p e l l e t s  a t  

v e l o c i t i e s  of approx ima te ly  7,000 f p s .  

t h e  e l a s t o m e r i c  s p h e r e s  had good p o t e n t i a l  f o r  s e a l i n g  p u n c t u r e s  made by 

118- inch  d i a m e t e r  g l a s s  s p h e r e s  a t  a n  i m p a c t  v e l o c i t y  of  23,000 f p s  and 

demons t r a t ed  s u c c e s s f u l l y  a n  almost complete seal o f  a p u n c t u r e  made by 

118- inch  d i a m e t e r  s tee l  p e l l e t  a t  an impact v e l o c i t y  of 24,700 f p s .  

I n  a d d i t i o n ,  i t  was a l s o  shown t h a t  
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I t  was found t h a t  t h e  s e a l i n g  cou ld  be accomplished w i t h  3 / 1 6 - i n c h  

diameter  o r  smaller s p h e r e s  when t h e  s e l f - s e a l i n g  s t r u c t u r e s  were 

impacted a t  t h e  lower v e l o c i t i e s .  

i n c r e a s e d  t h e  h o l e  s i z e  t o  t h e  p o i n t  where larger d i a m e t e r  s p h e r e s  were 

r e q u i r e d  t o  e f f e c t  a seal. I n  t h i s  case, 3 / 8 - i n c h  d i a m e t e r  s p h e r e s  were 

l a r g e  enough t o  e f f e c t  a seal as i t  was demonstrated d u r i n g  tes ts .  

I n c r e a s i n g  t h e  v e l o c i t y  t o  24,700 f p s  

By combining t h e  e l a s t o m e r i c  s p h e r e s  w i t h  t h e  chemical  c o n c e p t s ,  tests 

have shown h i g h l y  s u c c e s s f u l  r e s u l t s  i n  s e l f - s e a l i n g  s t r u c t u r e  c o n f i g u r a -  

t i o n s  upon impact  a t  v e l o c i t i e s  t o  26,000 f p s  w i t h  1 / 8 - i n c h  s tee l  p e l l e t s .  

P a r t i c u l a r l y  s u c c e s s f u l  was a s e l f  - s e a l i n g  s t r u c t u r e  i n  which e l a s t o m e r i c  

s p h e r e s  were combined w i t h  t h e  r i g i d  foam chemical  system. The impact  

v e l o c i t y  was 26,000 f p s  and t h e  p r o j e c t i l e  used was a 1 / 8 - i n c h  d i a m e t e r  

s tee l  p e l l e t .  

T h i s  combination g i v e s  a n  i d e a l  s e l f - s e a l i n g  mechanism whereby, upon 

impact,  t h e  e l a s t o m e r i c  s p h e r e s  (as  t h e  c o m p r e s s i b l e  material) a t t e n u a t e  

t h e  shock wave e f f e c t s  by d i s s i p a t i n g  t h e  i n c i d e n t  energy and ,  due  t o  t h e  

e x i s t i n g  p r e s s u r e  d i f f e r e n t i a l ,  one of  t h e  s p h e r e s  i s  p u l l e d  i n t o  t h e  

punctured h o l e ,  t h u s  e f f e c t i n g  a p a r t i a l  o r  complete  seal .  A t  t h e  same 

t i m e ,  t h e  p e n e t r a t i n g  p e l l e t  i n i t i a t e s  a chemical  r e a c t i o n  which 

e f f e c t u a t e s  a complete  seal of  t h e  s e l f - s e a l i n g  s t r u c t u r e  whereby t h e  

e n t r y  h o l e  i s  comple t e ly  s e a l e d  by t h e  permanently a d h e r i n g  s p h e r e  and 

t h e  cured material. The e x i t  h o l e  i s  comple t e ly  s e a l e d  by t h e  cu red  

material. Thus,  t h e  e l a s t o m e r i c  s p h e r e s  improve t h e  s e a l i n g  a c t i o n  of  

t h e  chemical sys t ems  by r e d u c i n g  t h e  e f f l u x  of  t h e  s e a l i n g  c o n s t i t u e n t s  

through t h e  p u n c t u r e  b e f o r e  t h e  s e a l i n g  p r o c e s s  i s  completed.  

A more s o p h i s t i c a t e d  and s i m p l e r  combined mechanical-chemical  concep t  

was i n v e s t i g a t e d  f o r  t h e  purpose of s i m p l i f i c a t i o n  and of  r e d u c i n g  t h e  

weight of t h e  s e l f - s e a l i n g  s t r u c t u r e .  Because of  t h e  large q u a n t i t i e s  of 

c u r i n g  agerit used i n  t h e i r  p r e p a r a t i o n ,  t h e  s i l i c o n e  e l a s t o m e r i c  s p h e r e s  

were found t o  c a u s e  l o c a l  c o n t a c t  c u r i n g  of  o t h e r  room t empera tu re  s i l i c o n e  



elastomers. The principle of this simplified concept, which is called 

the "Viscous Face Concept," involves the following mechanism. 

penetration of the self-sealing structure, one of the silicone spheres 

will set itself in the punctured hole to effect a partial or complete 

seal. Simultaneously, an uncured RTV silicone fluid is released from 
a thick (1/8- or 1/16-inch thick) viscous face located either behind the 

Upon 

entry face or in front of the exit face. This fluid contacts the silicone 

sphere which initiates a curing action and completes the seal. It also 

allows the sphere to permanently adhere to the sealing surface once it 

has set itself in the punctured hole. This prevents the sphere from 

being shaken loose (due to vibration or other mechanical loads) from 

the sealing surface and unsealing the hole. 

To speed up the curing action, and to render this concept more effective, 
additional refinements were introduced, such as coating the spheres with 

the catalyst and using a silicone foam resin as the viscous face. This 

new system gave excellent results. 

More data and discussion are given in Section 4.0 "Experimental Program" 

regarding the application of asbestos fibers and elastomeric spheres as 

the compressible and energy absorbing material. 

3 . 3 . 3  Selection of the Chemical Constituents 

With the help of either the fibers or elastomeric spheres as the compres- 

sible and energy dissipating materials, the chemical concepts acquire an 

excellent feasibility and their self-sealing capabilities increased 

tremendously, particularly for the higher impact velocities (up to 

26,000 fps). 

of the proper materials making up the self-sealing structure. Particularly, 
the selection of the chemical constituents played a big part of this success. 

Most of the effort on the development of the now successful mechanical- 

chemical concepts was expended on the search of suitable chemical components. 

These large improvements were mostly due to the combination 
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Four d i f f e r e n t  areas were e x p l o r e d :  ( 1 )  RTV s i l i c o n e  e l a s t o m e r s ,  ( 2 )  

po lyure thane  e l a s t o m e r s  and foams, ( 3 )  s i l i c o n e  foams, and ( 4 )  t h e  

co r re spond ing  c a t a l y s t s .  

The p r i n c i p a l  g u i d i n g  f a c t o r s  i n  t h e  s e l e c t i o n  of  t h e s e  f l u i d s  were: 

(1) s e l e c t i o n  o f  r e a c t i v e  materials which c u r e  v e r y  r a p i d l y  upon mixing 

i n  o rde r  t o  a v o i d  t o t a l  e x p u l s i o n  of  t h e  components t h rough  t h e  p u n c t u r e  

d u r i n g  t h e  r e a c t i o n ,  ( 2 )  s e l e c t i o n  of  r e a c t i v e  f l u i d s  which have a 

v i s c o s i t y  t h a t  w i l l  a l l o w  p r o p e r  f low and mixing i n s i d e  t h e  s e l f - s e a l i n g  

s t r u c t u r e  once p e n e t r a t e d ,  ( 3 )  s e l e c t i o n  o f  r e a c t i v e  f l u i d s  which form 

expanding materials, such as foams, ( 4 )  s e l e c t i o n  o f  r e a c t i v e  f l u i d s  

which form a n  e l a s t o m e r i c  o r  foam material of  s u f f i c i e n t  s t r e n g t h  and 

adhesion t o  t h e  s e l f - s e a l i n g  s t r u c t u r e  walls t o  w i t h s t a n d  t h e  p r e s s u r e  

d i f f e r e n t i a l  of  14.7 p s i  a c r o s s  t h e  s t r u c t u r e  s u r f a c e s ,  and ( 5 )  s e l e c t i o n  

of r e a c t i v e  f l u i d s  which are t h e  least  t o x i c  o r  non tox ic  and do not  

undergo e x p l o s i v e  r e a c t i o n s  o r  h i g h l y  exothermic r e a c t i o n s  w i t h  t h e  f o r -  

mation of  h i g h l y  v o l a t i l e  and t o x i c  p r o d u c t s .  

Most of t h e  e f f o r t  expended on e v a l u a t i n g  and s e l e c t i n g  t h e  most s u i t a b l e  

RTV s i l i c o n e  was s p e n t  d u r i n g  last y e a r ' s  r e s e a r c h  program (see Refe rence  1 ) .  

A v a r i e t y  of RTV s i l i c o n e s ,  u s i n g  Nuocure 28 (Stannous 2 -E thy lhexoa te ,  

T i n  Oc toa te )  as a c a t a l y s t ,  were i n v e s t i g a t e d .  R e s u l t s  o f  t e s t s  i n d i c a t e d  

t h a t  among t h e  s i l i c o n e  e l a s t o m e r s  e v a l u a t e d ,  RTV 60 gave t h e  most 

s u c c e s s f u l  s e a l i n g s .  RTV 60 w a s  chosen because of  i t s  i d e a l  v i s c o s i t y  

r ange ,  i t s  f a s t  c u r e  w i t h  Nuocure 28 and t h e  e x c e l l e n t  p r o p e r t i e s  of  t h e  

cu red  e l a s tomer .  

O t h e r  r e a c t i v e  components were t e s t e d  such  as Adiprene L-315 ( p o l y u r e t h a n e  

e l a s t o m e r )  as t h e  r e s i n  and d i e t h y l e n e  triamine-DETA ( w i t h  or w i t h o u t  

f i l l e r ) ,  o r  t r i e t h y l e n e  tetramine-TETA ( w i t h  o r  w i t h o u t  f i l l e r ) ,  o r  

Versamid and /o r  mix tu res  of Versamid and DETA, as t h e  c a t a l y s t s .  

becaure o f  v i s c o s i t y  c o n d i t i o n s  and c u r i n g  rates, t h e  cu red  mass ob- 

t a i n e d  d i d  n o t  conform w i t h  t h e  n e c e s s a r y  r equ i r emen t s  t o  accompl i sh  a 
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successful sealing action. Thus, this material was eliminated. 

The above described materials, silicone and polyurethane elastomers, had 

been evaluated for application to strictly chemical concepts, that is, 
without combination with either of the mechanical concepts. By contrast, 

this year's research program was mostly concentrated around the combined 

mechanical-chemical self-sealing concepts and for the reasons explained 

earlier in this report. 

When using the chemical concept strictly by itself, the degree and rate 

of mixing and the viscosity of the two reactive fluids were of great 

importance. These factors dictated the amount of material being extruded 

from the self-sealing structure hole without having time to cure and effect 

a seal. 
in turn is directly dependent upon the viscosity range of the reactive 

The curing rate depends upon the degree and rate of mixing which 

fluids, the temperature of the reactive fluids (in this case ambient 

temperature) and the pressure differential existing across the structure 

surf aces. 

In the case of the combined concepts, these factors are still very 

important, particularly the degree and rate of mixing, but not as impor- 
tant as in the above case due to the fact that the compressible materials 

(fibers or elastomeric spheres) will reduce the efflux of the chemical 

sealing constituents through the puncture before the sealing process is 

completed. This of course gave us a little more flexibility in the 

search for suitable reactive fluids. 

Initially in the evaluation of the combined mechanical-chemical self- 

sealing concepts, the RTV 60 Silicone-Nuocure 28 chemical system was in- 

vestigated. A series of tests at low (~~7,000 fps), medium (10,000 to 
15,000 fps) and higher (up to 26,000 fps) velocities indicated excellent 

self-sealing capabilities. However, for weight considerations and to 

increase the self-sealing capability, other reactive fluids were 
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i n v e s t i g a t e d  such as  foaming materials. 

( a )  po lyure thane  foams b o t h  r i g i d  and f l e x i b l e ,  a n d ,  ( b )  s i l i c o n e  foams 

b o t h  r i g i d  and f l e x i b l e .  

Two t y p e s  of foams were s t u d i e d :  

3 . 3 . 3 . 1  E v a l u a t i o n  of P o l y u r e t h a n e  Foams 

The foaming materials a re  among t h e  f a s t e s t  growing segments of  o r g a n i c  

polymer f a m i l i e s  and one of t h e  l e a d e r s  i s  t h e  u r e t h a n e s .  The r e c e n t  

advances i n  t h e  development of p o l y u r e t h a n e  foams, and t h e i r  g e n e r a l l y  

a t t r a c t i v e  p r o p e r t i e s  and c h a r a c t e r i s t i c s  sugges t ed  a p o s s i b l e  a p p l i c a t i o n  

t o  s e l f - s e a l i n g  s t r u c t u r e s .  The p o l y u r e t h a n e  foams a re  d i i s o c y a n a t e - l i n k e d  

condensa t ion  polymers which i n v o l v e ,  i n  t h e i r  p r e p a r a t i o n ,  a d e v i c e  f o r  t h e  

fo rma t ion  of h i g h  polymeric  molecu le s  of predetermined s t r u c t u r e .  T h i s  

d e v i c e  i s  a two-s t ep  r e a c t i o n  i n  which primary polymer c h a i n s  t e r m i n a t i n g  

i n  r e a c t i v e  g roups  a re  t r e a t e d  w i t h  a b i f u n c t i o n a l  r e a g e n t  adap ted  t o  

r e a c t  w i th  t h e s e  t e r m i n a l  groups and ,  t h u s ,  by u n i t i n g  t h e  pr imary c h a i n s ,  

l e a d  to  molecu le s  of  a h i g h e r  molecu la r  we igh t .  The material of t h e  f i r s t  

s t e p  c o n s i s t s  p r i m a r i l y  of  p o l y e s t e r  o r  p o l y e t h e r  r e s i n s  and t h e  material 

f o r  the second s t e p  i s  a d i i s o c y a n a t e  which r e a c t s  w i t h  t h e  t e r m i n a l  g roup  

a n d ,  i n  p r e s e n c e  of a blowing a g e n t ,  forms t h e  p o l y u r e t h a n e  foam. 

The p o l y e s t e r  r e s i n s  are produced by t h e  r e a c t i o n  of a d i b a s i c  a c i d  and 

a polyol w i t h  t h e  e l i m i n a t i o n  of water. These r e s i n s ,  when used f o r  

po lyu re thane  foam sys t ems ,  have a number of u n r e a c t e d  a l c o h o l  g roups  which 

r e m a i n  t o  r e a c t  w i t h  t h e  p o l y i s o c y a n a t e  i n  c o n v e r t i n g  t h e  low molecu la r  

w e i g h t - l i q u i d  polymer i n t o  a h i g h  molecu la r  we igh t  e l a s t o m e r .  

t h e  excess  of  p o l y i s o c y n a t e  r e a c t s  w i t h  water t o  g e n e r a t e  t h e  carbon d i o x i d e  

( C 0 2 ) ,  t h e  foaming a g e n t .  

a l s o  c o n t r i b u t e s  t o  t h e  c r o s s - l i n k a g e  of  t h e  s t r u c t u r e  and i t s  f i n a l  chemical  

composi t ion.  Less c r o s s - l i n k a g e  o r  less b ranch ing  produces a f l e x i b l e  foam. 

More c r o s s - l i n k a g e  o r  more b ranch ing  produces a less e l a s t i c  s t r u c t u r e ,  semi- 

r i g i d  o r  r i g i d  foam. 

S i m l t a n e o u s l y ,  

The r e a c t i o n  of t h e  p o l y i s o c y a n a t e  and water 



The p o l y e s t e r  r e s i n s  a re  produced by the  catalyzed a d d i t i o n  of propylene 

oxide  t o  an a l coho l  by a r e a c t i o n  similar t o  t h e  c u r i n g  of epoxy r e s i n  

systems. I n  the  c a s e  of r i g i d  foams, a few molecules of  propylene oxide  

a r e  added t o  the  b a s i c  a l coho l ,  while  i n  f l e x i b l e  foam, many hundreds are 

added . 
The poly isocyanates  a r e  chemicals der ived  from b a s i c  raw materials. Being 

very a c t i v e  and a b l e  t o  r e a c t  r e a d i l y  w i t h  compounds con ta in ing  a c t i v e  

hydrogen atoms, a s  f o r  example po lyes t e r s  and po lye the r s ,  they permit  

combinations lead ing  t o  many new synthe t ics .  D i f f e rences  i n  r e a c t i v i t y  

with o t h e r  chemical groups enable  c o n t r o l  of t he  formula t ion  and 

c h a r a c t e r i s t i c s  of t he  r e s u l t i n g  syn the t i c  foams w i t h  an  i n f i n i t e  range 

of phys i ca l ,  thermal and chemical p rope r t i e s .  These r e a c t i o n s  u s u a l l y  

take  place q u i t e  r e a d i l y  a t  room temperature o r  wi th  only  moderate hea t ing  

and t h e  absence of c a t a l y s t s .  However, most of t h e  r e a c t i o n s  are g r e a t l y  

acce le ra t ed  by small amounts of c a t a l y s t .  The r e a c t i v i t y  is  u s u a l l y  more 

pronounced with a romat ic  d i i socyana te s  than wi th  t h e  a l i p h a t i c  d e r i v a t i v e s .  

By choosing the  r i g h t  c a t a l y s t ,  t h e  reac t ion  can t a k e  p l a c e  wi th in  5 t o  

30 seconds. The d i i socyana te s  have a tendency t o  form t h e  dimers ( the  

product  of t h e  f i r s t  s t e p  i n  the r e a c t i o n  of two monomers) a t  room 

temperature  when s to red  f o r  long pe r iods  of t i m e  and,  p a r t i c u l a r l y ,  

when exposed t o  t h e  mois ture  i n  a i r .  The a d d i t i o n  of small amounts of 

phosphorous c h l o r i d e s  and a c y l  c h l o r i d e s  have been recommended t o  pre-  

vent  any loss i n  r e a c t i v i t y .  

I n  t h e  o r i g i n a l  foaming method for polyurethanes, carbon d iox ide  i s  used 

as the  blowing agent.  

hydrocarbon (Freon)  is  introduced i n t o  the c a t a l y s t  p o r t i o n  of t h e  com- 

ponents. 

r e a c t i o n  t akes  p lace ,  r a i s i n g  t h e  temperature of the mass above t h e  b o i l i n g  

p o i n t  of  t h e  Freon, caus ing  it t o  expand and f i l l  t h e  cel ls .  Freon blown 

foams are, i n  gene ra l ,  considered more s t ab le  than  t h e  carbon d iox ide  

blown foams. 

I n  t h e  new method, a low b o i l i n g  c h l o r o f l u o r i n a t e d  

When t h e  c a t a l y s t  i s  added t o  the polyure thane  r e s in ,  an exothermic 
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Because a b a s i c  u n d e r s t a n d i n g  of  t h e  p o l y u r e t h a n e  foams chemis t ry  i s  h e l p -  

f u l  i n  r e a l i z i n g  t h e  l i m i t a t i o n s  of t h e  a p p l i c a t i o n  t o  t h e  s e l f - s e a l i n g  

p a n e l s ,  a b r i e f  d e s c r i p t i o n  w i l l  be g i v e n  h e r e .  Below, two of t h e  most 

impor t an t  primary r e a c t i o n s  invo lved  i n  t h e  p o l y u r e t h a n e  fo rma t ion  are 

g i v e n  : 

In a f i r s t  s t e p ,  t h e  p o l y f u n c t i o n a l  compounds, d i i s o c y n a t e  

( i n  e x c e s s )  and p o l y e s t e r  r e s i n  ( o r  p o l y e t h e r  r e s i n ) ,  hav ing  

un reac ted  a l c o h o l  groups r e a c t  t o  form molecu la r  c h a i n s  t e r m i n a t e d  

with i s o c y a n a t e  g r o u p s :  

H O  O H  , NCO OH 1 II I 1  I 

2R' + R' OCN-R' -N-C-0-R-0-C-N-R'  -NCO 
'NCO 'OH 

D i i s o c y a n a t e  + P o l y e s t e r  o r  __t L i q u i d  Adduct 

Po l y e  t h e r  (Prepolymer)  

The o b t a i n e d  l i q u i d  a d d u c t  c o n t a i n s  b o t h  a c t i v e  hydrogens and 

r e a c t i v e  i s o c y a n a t e  groups which c o n t i n u e  t o  react w i t h  hydroxyl  

groups t o  form long  c h a i n s .  T h i s  r e a c t i o n  f r e q u e n t l y  h a s  a n  

i n d u c t i o n  p e r i o d  of  from 5 t o  10 minutes  fo l lowed  by a r a p i d  

e v o l u t i o n  of h e a t ,  The ra te  of t h i s  r e a c t i o n  can  be i n c r e a s e d .  

The d e g r e e  of  i n c r e a s e  w i l l  depend upon t h e  b a s e  u s e d .  S t r o n g  

bases  can c a u s e  t h e  r e a c t i o n  t o  become v i o l e n t .  G e n e r a l l y ,  when 

a b a s e  i s  u s e d ,  a m i l d l y  b a s i c  t e r t i a r y  amine i s  recommended. 

The r e a c t i o n  t i m e  of t h e  p o l y u r e t h a n e  foam sys t ems  which i s  

r e q u i r e d  f o r  o u r  chemical  s e l f - s e a l i n g  systems i s  between 5 and 

10 seconds.  T h i s  i s  accomplished by add ing  small amounts of  

s tannous o c t o a t e  c a t a l y s t .  

42 



I n  t h e  second s t e p ,  t h e  foaming r e a c t i o n  t a k e s  p l a c e .  The f r e e  

i s o c y a n a t e  g roups  react ve ry  r e a d i l y  w i t h  water i n  t h e  f o l l o w i n g  

manner: 

O H  H O  
II I 1 I 1  

R - 0 - C - N - R '  -NCO + HOH + OCN-R'  - N - C - 0 - R  

Urethane l i n k a g e  + Water + Urethane l i n k a g e  

O H  
I 1  I 

R - 0 - C - N - R '  - N - H  
1 c = o  
I 

H - N - d-N -C -0 - R + co* 
I II 

H O  

Polyure thane  Foam + Foaming Agent 

The carbon d i o x i d e  (foaming a g e n t )  i s  c o n t r o l l e d  by t h e  q u a n t i t y  

of  water o r  amine p r e s e n t  i n  t h e  r e a c t i o n  m i x t u r e .  

Among t h e  p o l y u r e t h a n e  foam systems s t u d i e d ,  c o n c e n t r a t e d  e f f o r t  w a s  

p l a c e d  upon one o b t a i n e d  from Western P l a s t i c  Chemicals ,  I n c .  i n  S a n t a  

Monica, C a l i f o r n i a .  T h i s  foam i s  Freon blown, t h u s ,  no e x c e s s  

d i i s o c y a n a t e  i s  n e c e s s a r y  as i s  t h e  c a s e  i n  t h e  CO blown foams. A s  

i n d i c a t e d  p r e v i o u s l y ,  a small amount of s t annous  o c t o a t e  i s  added t o  

o b t a i n  a f a s t e r  r e a c t i o n  (5 t o  10 seconds ) .  I n  p r e l i m i n a r y  tes ts  t o  

s t u d y  t h e  p o l y u r e t h a n e  foam a p p l i c a t i o n  t o  s e l f - s e a l i n g  c o n c e p t s ,  i t  

was no ted  t h a t  a c a r e f u l  c o n t r o l  of t h e  r i se  t i m e  p r o p e r t y  was 

impor t a n  t . 

2 

I 
~ 

I The r i s e  t i m e  i s  a measure of t h e  time elapsed between i n i t i a l  mixing 
I 

of  t h e  foam i n g r e d i e n t s  and t h e  complet ion of t h e  r a p i d  expansion of t h e  

foam sample.  Rise t i m e  i s  a f u n c t i o n  of t h e  g e n e r a t e d  h e a t  (amount and 

r a t e )  and t h e  Freon and s t a n n o u s  o c t o a t e  c o n c e n t r a t i o n s .  More 

p r e c i s e l y ,  t h e  r ise t i m e  w i l l  depend upon: (1) t h e  mixing r a t i o  r e s i n  
I 
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t o  d i i s o c y a n a t e ,  and ( 2 )  t h e  d e g r e e  and rate of  mixing a c t i o n .  T h i s  w i l l  

d i c t a t e  t h e  amount and ra te  of t h e  g e n e r a t e d  h e a t  which, i n  t u r n ,  w i l l  

de t e rmine  t h e  v e r y  i m p o r t a n t  p a r a m e t e r ,  namely, r a t i o  of t h e  ra te  of 

c u r i n g  t o  t h e  rate of blowing. I f  t h i s  l a t t e r  r a t i o  i s  t o o  low, t h e  foam 

w i l l  blow i t s e l f  a p a r t ,  t h a t  i s ,  t h e  formed c e l l  r i b s  and membranes w i l l  

n o t  have s u f f i c i e n t  s t r e n g t h  and s u r f a c e  t e n s i o n  d u r i n g  t h e  r i s e  t o  w i t h -  

s t a n d  t h e  f o r c e s  caused by t h e  g a s  e v o l u t i o n .  Conver se ly ,  i f  t h e  r a t i o  

i s  h igh ,  t h e  polymer i s  r i g i d i z i n g  p r i o r  t o  s u f f i c i e n t  foaming or r i s i n g ,  

r e s u l t i n g  i n  i n a d e q u a t e  volume expans ion .  From t h i s  s i m p l e  d e s c r i p t i o n ,  

i t  can be  seen t h a t  t h e  r e a c t i o n  k i n e t i c s  of any f o r m u l a t i o n  are ex t r eme ly  

s e n s i t i v e  t o  t h e  chemica l  compos i t ion .  S u c c e s s f u l  systems u s u a l l y  employ 

numerous a d d i t i v e s  whose q u a n t i t y  and f u n c t i o n  are de te rmined  mainly by 

experiment .  

During a s e r i e s  of t e s t s  whereby s e v e r a l  s e l f - s e a l i n g  s t r u c t u r e s  u s i n g  a 

po lyure thane  system, were impacted w i t h  1 / 8 - i n c h  s tee l  p e l l e t s  a t  t h e  

lower v e l o c i t i e s  (- 7,000 f p s ) ,  t h e  f o l l o w i n g  d i s a d v a n t a g e s  were n o t e d :  

(1) The h i g h  r e a c t i v i t y  of  t h e  d i i s o c y a n a t e  w i t h  compounds con-  

t a i n i n g  a c t i v e  hydrogen atoms. A s  mentioned above,  i t  po ly -  

mer i zes  a t  room t e m p e r a t u r e  when exposed t o  t h e  a i r  m o i s t u r e ,  

which makes i t  f a i r l y  u n s t a b l e ,  and i t  becomes less r e a c t i v e .  

However, t h i s  can b e  remedied by u s i n g  small amounts of s p e c i f i c  

chemica l s .  

( 2 )  The i m p r a c t i c a b i l i t y  of  most of t h e  p o l y u r e t h a n e  foams b e i n g  

blown by e i t h e r  carbon d i o x i d e  or by Freon which w i l l  a f f e c t  t h e  

s h e l f - l i f e  of  t h e  material and t h e  s e l f - s e a l i n g  e f f e c t i v e n e s s  

of t h e  s e l f  - s e a l i n g  s t r u c t u r e s .  

In the case where carbon dioxide is used as the blowing agent, 

an excess of diisocvanate is necessary in order to have free 

isocyanate groups to react with water and form the carbon 
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dioxide. However, upon impact of the self-sealing structure 

containing such a foaming system, the proportion of diisocyanate 

to resin cannot be controlled, and therefore, in some cases, 

no excess of diisocyanate is present and no blowing agent is 
formed. 

In the case where Freon is used as the blowing agent, the 

problem is the escape or degassing of the Freon f r m  the 
foaming ingredients. The degree of escape of the Freon will 

depend upon the environment in which the foaming ingredients 

will be before or during the foaming activity. Most severe 

degassing takes place when the Freon containing ingredients 

are exposed to vacuum and to temperature variation, particularly 

to high temperatures for a long period of time. The loss of 

the Freon blowing agent under such conditions, prior to or 

during the foaming action, could create a serious problem to 

the point where no foaming action could take place upon mixing 

UL - c  *L L I I ~  two react ive fluids tiowever, 
this problem of degassing of the blowing agent could be pre- 

vented to some extent by encapsulating the Freon-containing 

liquid. For higher temperature exposure, a higher boiling 

Freon could be used. Upon foaming reaction, the Freon would 
then either be expanded by the heat surrounding the foaming 

ingredients at the time of the foaming activity, or by the 

heat generated from the chemical reaction, depending on which 

of the heat sources muld give the temperature at or above 

the Freon boiling point. 

(resin arid diisocyanatej. 

( 3 )  The collapsing of the formed foam due to the reaction between, 

for example, the polyether and diisocyanate which had not 

proceeded far enough for the foam to support its own weight 
in the case where carbon dioxide is used as the blowing agent. 

However, today a remedy exists to correct this. A number of 
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copolymers of polyethers and silicones can be used. These 

retain the surface activity of the silicones (low surface 

tension, low internal energy, low polarity) and play the role 

of stabilizers in polyether urethane foams because of their 

stability and solubility in water,alcohols and other organic 

solvents. Once the foam is formed, they stabilize the foam 

and prevent the collapsing. 

To check the feasibility of the use of some of the above discussed 

polyurethane foams as self-sealing materials, a number of tests were 

performed with combined mechanical-chemical self-sealing structures 

(Rigid Polyurethane Foam/Fiber Mat or Elastomeric Spheres Concept) at 

impact velocities of approximately 7,000 fps. An attempt was made to 

test a similar configuration at higher velocities (up to 20,000 fps) 

using the Northrop Light Gas Gun Facility. However, because the sabot 

and stripper debris hit the structure, an evaluation of the shot was 

impossible. Nevertheless, tests at 7,000 fps allowed us to screen 
several self-sealing configurations and come up with a confi.guration 

giving us good results. The geometry of this last configuration (see 

Figure 3-5) was designed so that all the polyurethane foam ingredients 
could be encapsulated in order to prevent the Freon from escaping and 
the diisocyanate from polymerizing before puncture. 

Based on these tests, the following conclusions were drawn: 

0 The foaming activity should be confined to the interior of 

the panel. 

0 By choosing the proper amount of foaming ingredients and an 

appropriate structure configuration, one can cause the foam 

product to completely fill all interior interfaces of the self- 

sealing structure. 

0 The presence of an energy absorber (or compressible material) 

surrounding the foam chemicals assists in damage localization and 
self -sealing capability. 
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0 Encapsulation of all the polyurethane foam ingredients will prevent 

leakage problems, that is, retain the Freon within the system and 

prevent the diisocyanate from polymerizing. 

0 With the most successful configuration whereby the chemical 

ingredients were all encapsulated, the mixing ratio resin to diiso- 

cyanate was always in the proper range so that an appropriate ratio 

of the rate of curing to the rate of blowing could be obtained. 

3.3.3.2 Evaluation of Silicone Foams 

A brief discussion of the chemistry of the silicone polymers in general 
is presented here in order to convey a better understanding of the type 

of material used and its applicability to the chemical self-sealing 

structures. 

The silicones are a class of polymers of considerable commercial 
importance. They are based on a linear, cyclic, or cross-linked arrange- 

ment of alternating silicon and oxygen atoms, where the silicon is sub- 

stituted by organic radicals or hydrogen. 

formulated as follows: 

This class of polymers is 

R 
I 

I 
R 

- Si - 0 

Orga nop o 1 y s i 1 oxa nes 

The usual procedure for preparing silicone polymers is to hydrolyze 

compounds of the type: R3SiC1, R2SiC12, RSiC13, SiC14. The inter- 

mediates in the reaction are believed to be the corresponding silanols 

R2Si(OH)2 which condense very rapidly with elimination of water and 
formation of the -Si-O-Si-link. If (n) ranges from 3 to 9, cyclic systems 



are  o b t a i n e d  which i n  t h e  p re sence  of a l k a l i n e  c a t a l y s t s  open and g i v e  h i g h  

molecu la r  w e i g h t ,  l i n e a r  s i l i c o n e  gum and, s u b s e q u e n t l y ,  e l a s t o m e r s .  

Var ious  c u r i n g  t e c h n i q u e s  a r e  a v a i l a b l e  f o r  c o n v e r t i n g  l i n e a r  and c y c l i c  

materials t o  c r o s s - l i n k e d  e l a s t o m e r s  and r e s i n s .  

The manufac tu re  of s i l i c o n e  e l a s t o m e r s  i s  d i v i d e d  e s s e n t i a l l y  i n t o  two 

s t e p s ,  compounding and c r o s s - l i n k i n g .  The f i r s t  s t e p  c o n s i s t s  of t h e  

i n t i m a t e  mixing under  h i g h  s h e a r  o r  m i l l i n g  of t h e  p o l y s i l o x a n e  gum, a 

f i l l e r ,  and u s u a l l y  a c r o s s - l i n k i n g  a g e n t ,  t o g e t h e r  w i t h  m i s c e l l a n e o u s  

a d d i t i v e s  f o r  o b t a i n i n g  d e s i r e d  p h y s i c a l  p r o p e r t i e s .  The second s t e p  

i n v o l v e s  t h e  c r o s s - l i n k i n g  and c u r i n g  p r o c e s s e s  t h a t  c o n n e c t  t h e  polymer 

molecu le s  w i t h  one a n o t h e r  i n t o  a n  e l a s t o m e r i c  mass of t h e  d e s i r e d  

p r o p e r t i e s .  I t  i s  this second s t e p  which w a s  of importance t o  u s  i n  t h e  

e v a l u a t i o n  of  e l a s t o m e r i c  i n g r e d i e n t s  t o  be  i n c o r p o r a t e d  i n  o u r  s e l f - s e a l i n g  

s t r u c t u r e s .  

I n  t h e  f i r s t  s t e p ,  t h e  compounded s t o c k  may be c r o s s - l i n k e d  by t h e  a c t i o n  

of  o r g a n i c  p e r o x i d e  such  as benzoyl peroxide.  

can be  c o n t r o l l e d  by v a r y i n g  t h e  amount of pe rox ide  ( c a t a l y s t )  u s e d .  

The number of c r o s s - l i n k s  

I n  t h e  materials e v a l u a t i o n  s t u d i e s ,  the s i l i c o n e  foams were of p a r t i c u l a r  

i n t e r e s t .  These are  o b t a i n e d  by c a t a l y z i n g  e i t h e r  a f l u i d  s i l i c o n e  r u b b e r  

o r  a f l u i d  s i l i c o n e  r e s i n ,  e i t h e r  c o n t a i n i n g  a hydrogen foaming s o u r c e  and 

g i v i n g ,  r e s p e c t i v e l y ,  a f l e x i b l e  s i l i c o n e  foam and a r i g i d  s i l i c o n e  foam. 

I n  t h i s  foaming system, t h e  foaming agen t  (hydrogen)  i s  r e l e a s e d  upon 

mixing of  e i t h e r  of  t h e s e  two f l u i d s  with :he a p p r o p r i a t e  c a t a l y s t .  

l a r g e  v a r i e t y  of hydrogen s o u r c e s  e x i s t ,  b u t  t h e  most i n t e r e s t i n g  one h a s  

a r e l e a s i n g  mechanism t h a t  i s  i n i t i a t e d  a t  room t e m p e r a t u r e  and i s  a c c e l e r a t e d  

w i t h  t h e  exo the rmic  chemical  r e a c t i o n  t a k i n g  p l a c e  when t h e  s i l i c o n e  base  

f l u i d  and c a t a l y s t  are  mixed. 

o b t a i n e d  by t h e  f o l l o w i n g  chemical  system: 

A 

Such a hydrogen foaming s o u r c e  cou ld  be 
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T h i s  r e a c t i o n  i s  ve ry  f e a s i b l e  due  t o  t h e  s e n s i t i v i t y  of t h e  s i l i c o n e -  

hydrogen bond t o  a c i d  and e s p e c i a l l y  t o  b a s e  c a t a l y s t s .  

I n  o u r  i n v e s t i g a t i o n  f o r  such a s i l i c o n e  foaming system, w e  came a c r o s s  

a system which y i e l d e d  e x c e l l e n t  r e s u l t s  as s e l f - s e a l i n g  material when 

i n c o r p o r a t e d  i n  o u r  chemical  s e l f - s e a l i n g  c o n c e p t s .  I t  i s  a two-phase 

system ( f l u i d  s i l i c o n e  r u b b e r  o r  r e s i n  p l u s  c a t a l y s t )  where no e x c e s s  of 

one of t h e  foaming i n g r e d i e n t s  i s  n e c e s s a r y  f o r  t h e  f o r m a t i o n  of t h e  

blowing a g e n t  and where t h e  blowing a g e n t  i s  chemica l ly  formed upon mixing 

of t h e  f l u i d  foaming base  and a c a t a l y s t .  Because of t h e  p r o p r i e t a r y  n a t u r e  

of t h i s  material ,  t h e  n a t u r e  of  t h e  hydrogen s o u r c e  and t h e  re lease 

mechanisms are  unknown. 

T h i s  foaming system was l o c a t e d  a t  Dow Corning C o r p o r a t i o n ,  Midland, 

Michigan. The material i s  a RTV (Room Temperature  V u l c a n i z i n g )  s i l i c o n e  

foam, e i t h e r  f l e x i b l e  o r  r i g i d .  The f l e x i b l e  s i l i c o n e  foam i s  a low- 

d e n s i t y  r e s i l i e n t  r u b b e r  o v e r  a t e m p e r a t u r e  r ange  of -100 t o  +500 F .  and i t  
0 

c u r e s  a t  room t e m p e r a t u r e .  I t  i s  s u p p l i e d  as a f l u i d  s i l i c o n e  r u b b e r  b a s e  

( D . C .  S-5370) w i t h  a s e p a r a t e .  c a t a l y s t  ( D . C .  S - 5 3 7 0 ) .  When base and 

catalyst  are mixed t o g e t h e r  i n  t h e  p r o p e r  p r o p o r t i o n s ,  expans ion  and c u r i n g  

beg in  immediately.  When t h e  foaming a c t i v i t y  i s  n o t  c o n f i n e d  t o  a r e s t r i c t e d  

area, t h e  foam w i l l  expand approx ima te ly  seven  t i m e s  i t s  o r i g i n a l  volume. 

During t h e  expansion p e r i o d ,  a small amount of hydrogen g a s  (blowing a g e n t )  

i s  evolved from t h e  r e a c t i n g  material. 



The r i g i d  s i l i c o n e  foam i s  a low-densi ty  foam which i s  s u p p l i e d  as a f l u i d  

s i l i c o n e  r e s i n  ( D . C  X R6-3700) w i t h  a s e p a r a t e  c a t a l y s t  ( D . C .  X R6-3700). 

Here, t o o ,  i f  t h e  two-phases a re  mixed p r o p e r l y ,  expansion and c u r i n g  begin 

immedia t e ly .  S i m i l a r  t o  t h e  f l e x i b l e  foam,  t h e  blowing a g e n t  (hydrogen)  i s  

g e n e r a t e d  from t h e  r e a c t i n g  material .  By s u b s t i t u t i n g  t h e  Kuocure 

2 8  c a t a l y s t  f o r  t h e  DC X R6-3700 c a t a l y s t ,  t h e  expansion i s  a c c e l e r a t e d  

a p p r e c i a b l y ,  t h e  c u r i n g  t i m e  i s  sho r t ened ,  and t h e  r e a c t i o n s  t a k e  p l a c e  

w i t h i n  seconds.  However, by making t h i s  same s u b s t i t u t i o n  f o r  t h e  

f l e x i b l e  foam, t h e  expansion and c u r e  was a c c e l e r a t e d  o n l y  s l i g h t l y  and 

was below t h e  ra te  of expans ion  and c u r e  o f  t h e  r i g i d  foam. P a r t i c u l a r l y ,  

a t  t h e  h i g h e r  v e l o c i t y  s h o t s ,  t h e  t y p e  of c a t a l y s t  used depends upon t h e  

chemica l  system used and t h e  s e l f - s e a l i n g  s t r u c t u r e  c o n f i g u r a t i o n .  A s ,  

f o r  example,  when comparing t h e  s t r u c t u r e  c o n f i g u r a t i o n s  "Rigid S i l i c o n e  

Foam/Fibers  o r  Spheres"  (see F i g u r e  3-61 and "Rigid S i l i c o n e  Foam/Balsa 

Wood o r  A i r  Gaps" ( s e e  F i g u r e s  3-7 and 3-81 t h e  type  of c a t a l y s t  used 

w i l l  n o t  have t o  respond as  f a s t  i n  t h e  f i r s t  c o n f i g u r a t i o n  as  i t  w i l l  have 

t o  i n  t h e  second concep t .  The obv ious  r eason  f o r  t h a t  i s ,  t h a t ,  i n  t h e  

f i r s t  c a s e  w e  a r e  i n  t h e  p r e s e n c e  of sphe res  o r  f i b e r s  which w i l l ,  upon 

i m p a c t ,  perform a p a r t i a l  o r  complete  s e a l  and t h u s  p r e v e n t  e f f l u x  of t h e  

foaming materials. However, i n  t h e  second case, t h e  b a l s a  wood o r  a i r  

gaps  w i l l  a t t e n u a t e  t h e  shock wave e f f e c t  and a b s o r b  t h e  ene rgy ,  b u t  w i l l  

n o t  seal  p a r t i a l l y  o r  comple t e ly  t h e  punc tu re  and ,  t h u s ,  p r e v e n t  heavy 

l o s s e s  of materials. 

I n  t h e  s e a r c h  f o r  t h e  p rope r  a g e n t  t o  be used  f o r  t h e  c u r i n g  and foaming 

of t h e  f l u i d  s i l i c o n e  b a s e  g i v i n g ,  on impact,  e i t h e r  a f l e x i b l e  o r  r i g i d  

foam, a c a t a l y s t  was found which gave s i g n i f i c a n t  improvement i n  h i g h e r  

c u r i n g  and foaming ra tes  making t h e  chemical s e l f - s e a l i n g  systems even 

more e f f e c t i v e .  With t h i s  c u r i n g  a g e n t ,  t h e  ra tes  are a l m o s t  i d e n t i c a l  f o r  

t h e  f l e x i b l e  and r i g i d  foams. T h i s  new c a t a l y s t  was found t o  b e  more 

u n i f o r m  i n  i t s  a c t i v i t y  and p o s s e s s i n g  s u p e r i o r  performance t o  t h e  o t h e r  

s t a n n o u s  o c t o a t e  c a t a l y s t s  i n  "one-shot" foams. I t  a l s o  m a i n t a i n s  i t s  

a c t i v i t y  f o r  a longe r  p e r i o d  of t i m e .  
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FIGURE 3-7 BALSA WOOD/SILICONE FOAM CONCEPT 
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With in  t h e  chemical  r e a c t i o n s  t a k i n g  place f o r  t h e  fo rma t ion  of t h e  

s i l i c o n e  foams, two a c t i o n s  o c c u r :  (1) a c u r i n g  a c t i o n  and ( 2 )  a foaming 

a c t i o n .  I n  o r d e r  t h a t  t h e  fo rma t ion  of t h e s e  foams can be used i n  t h e  most 

e f f e c t i v e  way i n  chemical  s e l f - s e a l i n g  c o n c e p t s ,  t h e  r a t i o  of c u r i n g  r a t e /  

foaming r a t e  should be k e p t  w i t h i n  a r e a s o n a b l e  r ange .  T h i s  r a t i o  w i l l  va ry  

d r a s t i c a l l y  depending upon: (1) t h e  t y p e  of c a t a l y s t  u s e d ,  ( 2 )  t h e  mixing 

p r o p o r t i o n  of t h e  f l u i d  s i l i c o n e  b a s e  and c a t a l y s t ,  ( 3 )  t h e  d e g r e e  of 

mixing ( o r  d i s p e r s i o n )  of t h e s e  two components, ( 4 )  t h e  h e a t  g e n e r a t e d  upon 

mix ing ,  and ( 5 )  t h e  s i z e  of t h e  puncture  o b t a i n e d  i n  t h e  s e l f - s e a l i n g  

s t r u c t u r e  a f t e r  impac t .  The r a t i o  should always be lower than  one,  b u t  

n o t  e x c e s s i v e l y  lower,  because  t o o  low a v a l u e  w i l l  c a u s e  h e a v i e r  l o s s e s  

of foaming materials th rough  t h e  punctured h o l e .  Such cases were expe r i enced  

w i t h  some p a n e l s  u s i n g  t h e  "Rigid S i l i c o n e  Foam/Balsa Wood o r  A i r  Gaps 

Concept".  By u s i n g  a f a s t e r  c u r i n g  a g e n t ,  t h i s  s i t u a t i o n  can be overcome. 

I n  t h e  case where t h e  r a t i o  i s  t o o  h i g h ,  t h e  s i l i c o n e  foam w i l l  set  i t s e l f  
. .  

p , r l u r  LU S U ~ L I C ~ ~ I ~ L  fuctiiiiiig, i s s i i l t i i i g  iii iiiadeqiiats - * - ' * * . - -  V U L U l l l C  C A ~ d - I I J I U I I ~  -------'-- L)UCll c**-L --I-- e- L L 2  - - - -  e - - - - - -  
a c a s e  was n e v e r  expe r i enced  i n  t h e  development of t h e  p r e s e n t  s i l i c o n e  foam 

c o n c e p t s .  

From t h e  above ,  one can s a y ,  t h a t  the c l o s e r  t h e  r a t i o  approaches  one 

w i t h o u t  exceed ing  i t ,  t h e  more e f f e c t i v e  t h e  s e l f - s e a l i n g  a c t i o n  w i l l  be 

a t  h i g h e r  v e l o c i t i e s .  

During most of t h i s  y e a r ' s  r e s e a r c h  program, t e s t s  were performed t o  

d e m o n s t r a t e  t h e  f e a s i b i l i t y  of  foaming materials and h e l p  t o  improve t h e  

s e l f  - s e a l i n g  c a p a b i l i t i e s  of t h e  s e l f - s e a l i n g  s t r u c t u r e s .  A v a r i e t y  of 

s e l f - s e a l i n g  s t r u c t u r e s  were p repa red  which c o n t a i n e d  a foaming system 

e i t h e r  combined w i t h  t h e  f i b e r s ,  t h e  e l a s t o m e r i c  b a l l s ,  t h e  b a l s a  wood 

o r  a i r  g a p s .  

e x p l a i n e d  ea r l i e r ;  namely, t r y i n g  t o  a l leviate  t h e  shock wave e f f e c t s  and 

min imiz ing  e x c e s s i v e  s t r u c t u r e  damage and material removal.  T h i s  was done 

by i s o l a t i n g  t h e  chemical  components from t h e  f a c e  s h e e t ( s 1  ( e i t h e r  m e t a l l i c  

A l l  t h e s e  s t r u c t u r e s  were combined systems f o r  t h e  r eason  
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o r  n o n m e t a l l i c )  of  t h e  s e l f - s e a l i n g  s t r u c t u r e  by i n t e r p o s i n g  a h i g h l y  

compress ib l e  material ( f i b e r s ,  b a l l s ,  e t c . )  between t h e  chemical  

compartment walls and t h e  f a c e  s h e e t ( s 1 .  

These  materials were i n c o r p o r a t e d  i n t o  t h e  f o l l o w i n g  s e l f - s t r u c t u r e  

c o n f i g u r a t i o n s  which were e v a l u a t e d  a t  low v e l o c i t y  - 7,000 f p s  ( f o r  

p r e l i m i n a r y  t e s t s ) ,  medium v e l o c i t i e s  - 10,000 t o  15,000 f p s  and h i g h e r  

v e l o c i t i e s  up t o  26,000 f p s ,  u s i n g  p r i m a r i l y  1 / 8 - i n c h  d i a m e t e r  s tee l  

pe  1 l e t s  ; 

0 Rigid S i l i c o n e  Foam/Fiber Mat o r  Rubber Spheres  Concept 

0 F l e x i b l e  S i l i c o n e  Foam/Fiber Mat o r  Rubber Sphe res  Concept 

0 Rigid o r  F l e x i b l e  Foam/Balsa Wood Concept 

0 Elas tomer i c  Spheres/Viscous Face Concept 

0 Rigid S i l i c o n e  Foam/Air Gaps Concept 

0 Rigid S i l i c o n e  Foam/Rubber S p h e r e s / A i r  Gap Concept 

During t h e s e  t e s t s ,  v e r y  promising r e s u l t s  were o b t a i n e d  t o  i n d i c a t e  t h a t  

t h e  t echn iques  used f o r  a t t e n u a t i n g  t h e  shock wave e f f e c t s  a r e  p rov ing  

e f f e c t i v e  i n  minimizing s t r u c t u r e  damage and g i v i n g  h i g h l y  s u c c e s s f u  1 

s e a l i n g  c a p a b i l i t y  a t  t h e  h i g h e r  v e l o c i t i e s .  

R e s u l t s  o f  a l l  t h e  t e s t s  mentioned above and o t h e r  phases  of  t h e  e v a l u a t i o n  

program of t h e  s e l f - s e a l i n g  s t r u c t u r e  c o n f i g u r a t i o n s  are  p r e s e n t e d  i n  

S e c t i o n  4 .O "Experimental  Program. 

3 . 4  TEMPERATURE DEPENDENCE OF SELF-SEALING CAPABILITY 

The hea t  i n p u t  t o  a v e h i c l e  i n  space  i s  de te rmined  by t h e  i n t e n s i t y  and 

s p e c t r a l  d i s t r i b u t i o n  of t h e  thermal  r a d i a t i o n  i n c i d e n t  upon i t s  s u r f a c e  

and t h e  a b s o r p t i v i t y  of t h e  s u r f a c e  f o r  such  r a d i a t i o n .  F o r  a v e h i c l e  

o p e r a t i n g  w i t h i n  t h e  s o l a r  system, such  r a d i a t i o n  i s  predominant ly  s o l a r  

r a d i a t i o n .  F o r  moon v e h i c l e s ,  t h e  r e f l e c t e d  and emi t t ed  r a d i a t i o n  from 

the e a r t h  i s  normally n o t  c o n s i d e r e d .  Fo r  i n t e r p l a n e t a r y  m i s s i o n s ,  t h e  

r e f l e c t e d  and e m i t t e d  r a d i a t i o n  from t h e  d e s t i n a t i o n  p l a n e t  w i l l  have t o  be  



considered.  The hea t  d i s s i p a t i o n  l ikewise occurs  by r a d i a t i o n .  

During space missions t o  t h e  moon o r  i n t e r p l a n e t a r y  missions,  t h e  

temperature  o u t s i d e  the  s p a c e c r a f t  may f l u c t u a t e  between +200 F and 

-270'F. 

b i l i t y  of t h e  s e l f - s e a l i n g  s t r u c t u r e s .  The high temperature a l o n e  w i l l  

no t  a f f e c t  t he  s e l f - s e a l i n g  c a p a b i l i t y  of t h e  s e l e c t e d  materials, but  

combined with t h e  hard vacuum of o u t e r  space (down t o  10 mm Hg.) i t  

w i l l  p r e s e n t  a problem of s t a b i l i t y  p a r t i c u l a r l y  i n  the  v i c i n i t y  of t h e  

impacf area where base polymeric ma te r i a l s  w i l l  be exposed t o  t h e  t o t a l  

space environment. The l a r g e r  t he  en t ry  ho le ,  t he  more area w i l l  be 

exposed. Polymeric m a t e r i a l s  exposed t o  such environment w i l l  be a f f e c t e d  

by t h e  v o l a t i l i z a t i o n  process  which includes such p r o p e r t i e s  a s  weight 

l o s s ,  changing composition due t o  f r a c t i o n a l  d i s t i l l a t i o n  and v a r i a t i o n  

of pe rmeab i l i t y  due t o  i n t e r n a l  changes i n  s t r u c t u r e .  

0 

These temperature extremes w i l l  a f f e c t  t he  s e l f - s e a l i n g  capa- 

-14 

According t o  the  Langmuir equat ion (with which the  ra te  of weight l o s s  

car! he c h t a i n e d  for a pcre materipl!, the weight loss  wculd he 

immeasurably small f o r  pe r iods  of y e a r s  a t  moderate temperature f o r  any 

of t h e  c ros s - l inked  polymeric material of c u r r e n t  engineer ing importance. 

However, most polymers undergo thermal and o x i d a t i v e  degradat ion i n t o  

lower molecular weight f r a c t i o n s  which a r e  considerably more v o l a t i l e  than 

t h e  base polymer. Other polymer ing red ien t s  can be v o l a t i l i z e d  under these  

environmental cond i t ions  such as t h e  p l a s t i c i z e r s  which have r e l a t i v e l y  high 

vapor p re s su res .  

The low temperature range which w i l l  e x i s t  i n  o u t e r  space w i l l  a f f e c t  

s e r i o u s l y  the  s e l f  - s e a l i n g  c a p a b i l i t i e s  of the  s e l f  - s e a l i n g  s t r u c t u r e s .  

P a r t i c u l a r l y ,  t h e  polymeric materials may be g r e a t l y  a f f e c t e d .  The e x t e n t  

w i l l  vary depending upon t h e  s e l e c t i o n  of materials used i n  t h e  s e l f -  

s e a l i n g  s t r u c t u r e s .  
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Regarding t h e  chemica l ly  a c t i v a t e d  s e l f - s e a l i n g  c o n c e p t s ,  t h e  speed of 

t h e  s e a l i n g  a c t i o n  w i l l  d e c r e a s e  t o  t h e  p o i n t  where t h e r e  w i l l  be no 

s e l f - s e a l i n g  a c t i o n  l e f t ,  p a r t i c u l a r l y  f o r  t h e  extremely low t e m p e r a t u r e s .  

The s e l f - s e a l i n g  p r o c e s s  a t  low t e m p e r a t u r e  w i l l  be l i m i t e d  and w i l l  

depend upon t h e  t empera tu re  r ange  e x i s t i n g  a t  t h e  t i m e  of p u n c t u r e  and 

upon the materials and s e l f - s e a l i n g  concep t  used. Among t h e  mechan ica l ly  

a c t i v a t e d  c o n c e p t s ,  t h e  e l a s t o m e r i c  s p h e r e s  concep t  w i l l  probably o f f e r  

t h e  b e s t  p o s s i b i l i t i e s  t o  s e l f - s e a l  a t  t h e  v e r y  low t e m p e r a t u r e s .  I n  t h e  

case of t h e  chemica l ly  a c t i v a t e d  c o n c e p t s ,  t h e  s e l f - s e a l i n g  a c t i o n  may be  

improved, f o r  t h e  lower p o r t i o n  of t h e  subze ro  t empera tu re  r a n g e ,  by 

i n i t i a t i n g  a n  exothermic r e a c t i o n  on p u n c t u r i n g  o r  by u s i n g  new improved 

e l a s t o m e r i c  materials f o r  c ryogen ic  a p p l i c a t i o n .  

The high t empera tu re  r ange  e x i s t i n g  i n  o u t e r  space  w i l l  improve t h e  speed 

of t h e  s e a l i n g  a c t i o n .  The d e g r e e  of improvement w i l l  depend upon t h e  

polymeric materials s e l e c t e d  and t h e  t y p e  of  s e l f - s e a l i n g  c o n f i g u r a t i o n  

u s e d .  I n  t h e  c a s e  of t h e  e l a s t o m e r i c  s p h e r e s  c o n c e p t ,  t h e  s e a l i n g  i s  n o t  

go ing  to  be  n e c e s s a r i l y  f a s t e r ,  b u t  i t  should be more e f f e c t i v e .  Regarding 

t h e  chemical ly  a c t i v a t e d  c o n c e p t s ,  t h e  chemical  r e a c t i o n  ra tes  w i l l  i n c r e a s e  

w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  s u b j e c t  t o  t h e  l i m i t a t i o n s  of d e g r a d a t i o n  

of t h e  component materials. I n  a f l u c t u a t i o n  f r o m  h i g h  t o  c r y o g e n i c  

t e m p e r a t u r e s ,  h e r m e t i c a l l y  and mechan ica l ly  s e a l e d  p u n c t u r e s  w i l l  p robab ly  

be a f f e c t e d  i f  t h e  p r o p e r  material i s  n o t  chosen.  L i t h  respect  t o  t h e  

chemica l ly  a c t i v a t e d  c o n c e p t s ,  t h i s  problem w i l l  be less  a c c e n t u a t e d .  

I n  a d d i t i o n  t o  t h e  t e m p e r a t u r e  and vacuum e f f e c t  on t h e  s e l f - s e a l i n g  

s t r u c t u r e s ,  r a d i a t i o n  w i l l  be  a n o t h e r  i m p o r t a n t  environmental  exposure  

c o n d i t i o n  t o  a f f e c t  t h e  s e l f  - s e a l i n g  s t r u c t u r e s '  materials and t h e i r  s e l f  - 
s e a l i n g  c a p a b i l i t i e s .  However, the e f f e c t s  o f  t h i s  t h i r d  env i ronmen ta l  

c o n d i t i o n  w i l l  n o t  b e  e x t e n s i v e l y  d i s c u s s e d  h e r e ,  o r  j u s t  enough t o  say 

t h a t  the polymeric  materials i n s i d e  t h e  s e l f  - s e a l i n g  s t r u c t u r e  exposed t o  

t h e  type of r a d i a t i o n  e x i s t i n g  i n  s p a c e  w i l l  undergo v a r y i n g  amounts of  

. 



change e i t h e r  by c r o s s - l i n k i n g  o r  s c i s s i o n  p r o c e s s e s  o r  by molecu la r  

r ea r r angemen t .  

meric material used,  t h e  s h i e l d i n g  o f  t he  material a g a i n s t  r a d i a t i o n  and 

t h e  p o r t i o n  of  t h e  s p a c e s h i p  t r a j e c t o r y  i n  s p a c e  th rough  which t h e  

v e h i c l e  w i l l  be t r a v e l i n g  a t  t h e  t i m e  (which d i r e c t l y  d i c t a t e s  t h e  s e l f -  

s e a l i n g  s t r u c t u r e  t e m p e r a t u r e ,  t h e  i n t e n s i t y  and t h e  d u r a t i o n  of 

env i ronmen ta l  e x p o s u r e ) .  

The d e g r e e  of change w i l l  depend upon t h e  type  of po ly -  

We have r e c e n t l y  i n i t i a t e d  a t a s k  whereby t h e  more s u c c e s s f u l  s e l f -  

s e a l i n g  s t r u c t u r e s  c o n f i g u r a t i o n s  a re  being e v a l u a t e d  by d e t e r m i n i n g  

t h e i r  env i ronmen ta l  l i m i t a t i o n s  t o  extreme t e m p e r a t u r e  exposures .  T e s t  

r e s u l t s  were not  a v a i l a b l e  f o r  i n c l u s i o n  i n  t h i s  r e p o r t  bu t  w i l l  be 

r e p o r t e d  a t  a la te r  d a t e .  
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4.0 EXPERIMENTAL PROGRAM 

4.1 EQUIPMENT AND TESTING PROCEDURE 

The major a p p a r a t u s  used d u r i n g  t h i s  y e a r ' s  r e s e a r c h  program were: (1)  

t h e  Northrop Space L a b o r a t o r i e s '  P a r t i c l e  A c c e l e r a t o r  combined w i t h  t h e  

l e a k  d e t e c t o r ,  ( 2 )  t h e  Northrop L i g h t  Gas Gun combined w i t h  t h e  l e a k  

d e t e c t o r ,  ( 3 )  t h e  M c G i l l  U n i v e r s i t y  L i g h t  Gas Gun, and ( 4 )  a new gun 

f a c i l i t y  f o r  b a l l i s t i c  t e s t i n g  o f  h e a t e d  and coo led  t a r g e t s  i n  a h i g h  

vacuuIn. 

4.1.1 The Northrop Space L a b o r a t o r i e s '  P a r t i c l e  A c c e l e r a t o r .  T h i s  

p a r t i c l e  a c c e l e r a t o r  ( F i g u r e  4-1)  c a n  p r o p e l  1 / 8 - i n c h  d i a m e t e r  p r o j e c t i l e s  

down a 2 - f o o t  long b a r r e l  by a n  e x p l o s i v e  gun powder d i s c h a r g e  from a 

modified 2 5 - c a l i b r e  r i f l e  c a r t r i d g e ,  S m a l l e r  t h a n  1 / 8 - i n c h  p r o j e c t i l e s  

c a n  be p r o p e l l e d  i f  one u s e s  a n  a p p r o p r i a t e  s a b o t - p e l l e t  s e p a r a t i o n  

technique,  P r o j e c t i l e  v e l o c i t y  measurements are o b t a i n e d  by means o f  a 

v e l o c i t y  measuring t r i g g e r  b reak  s c r e e n  c i r c u i t  f o r  u s e  w i t h  a T e k t r o n i x  

545 o s c i l l o s c o p e ,  The gun b a r r e l  i s  e n c l o s e d  i n  one end o f  a t r a n s p a r e n t  

p l e x i g l a s s  chamber wh i l e  t h e  o t h e r  end h a s  a n  opening f o r  mounting o f  t h e  

test s t r u c t u r e .  The tes t  s t r u c t u r e  i s  mounted t o  form a n  a i r  t i g h t  seal 

w i t h  the  chamber, The chamber i s  t h e n  evacua ted  t o  between 0.4 and 0.5 

T o r r  t o  g i v e  a p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  specimen of  a p p r o x i m a t e l y  

one atmosphere. Upon impact of t h e  s e l f - s e a l i n g  s t r u c t u r e ,  t h e  s e a l a b i l i t y  

o f  t h e  s t r u c t u r e  c a n  be checked by means o f  a l eak  d e t e c t i o n  a p p a r a t u s .  

T h i s  a p p a r a t u s  i s  a t t a c h e d  t o  t h e  vacuum chamber of  t h e  p a r t i c l e  a c c e l e r a t o r  

as i l l u s t r a t e d  i n  F i g u r e  4-1, A method o f  a i r  f low a n a l y s i s  w a s  developed 

t h a t  pe rmi t s  t h e  c a l c u l a t i o n  of  mass l o s s  rate of a i r  th rough  punc tu red  

s t r u c t u r e s  a t  v a r i o u s  d i f f e r e n t i a l  o r  d r i v i n g  p r e s s u r e s  a c r o s s  t h e  punc tu re .  

The leak d e t e c t i o n  o r  a i r  f low a p p a r a t u s  may be  used as a s e p a r a t e  u n i t  or  

a t t a c h e d  t o  t h e  vacuum chamber of  t h e  p a r t i c l e  a c c e l e r a t o r .  I n  t h i s  

la t ter  s e t u p ,  t h e  s e l f - s e a l i n g  s t r u c t u r e  c a n  be t e s t e d  unde r  s i m u l a t e d  
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s p a c e  vacuum c o n d i t i o n s  and a i r  f low rates g e n e r a t e d  immediately f o l l o w -  

i n g  puncture  by a p r o j e c t i l e .  

4.1.2 The Northrop L i g h t  Gas Gun F a c i l i t y .  N o r t h r o p ' s  N o r t r o n i c s  DivFsion 

h a s  designed and b u i l t  a l i g h t  g a s  gun of  t h e  ARO t y p e  which i s  shown i n  

F igu res  4 - 2 A  and 4-2B. The g a s  gun i s  a p p r o x i m a t e l y  2 1 - f e e t  i n  l e n g t h ,  

and i s  c o n s t r u c t e d  from 4340 s t e e l  w i t h  most of t h e  p a r t s  be ing  c o n s t r u c t e d  

from s t anda rd  t u b i n g .  

A l s o  shown i n  F i g u r e s  4-2A and 4-2B i s  t h e  N o r t r o n i c s  41-cubic  f o o t  combina- 

t i o n  explosion-vacuum chamber used w i t h  t h e  l i g h t  g a s  gun f o r  e v a l u a t i o n  

o f  s imulated meteoroid impac t s  t o  v a r i o u s  space  s t r u c t u r e s .  

The des ign  of  b o t h  gun and vacuum chamber h a s  been p r e d i c a t e d  orI v e r s a t i l e  

u sage .  For example,  p r o v i s i o n s  e x i s t  f o r  e x t e n d i n g  t h e  gun l aunch  t u b e  

l e n g t h  and f o r  changing l aunch  t u b e s  t o  p r o v i d e  v a r i o u s  b o r e  d i a m e t e r s .  

Likewise,  t h e  vacuum chamber may be used as a n  e x p l o s i o n  chamber as w e l l  

as a vacuum chamber. 

The c u r r e n t  h y p e r v e l o c i t y  program a t  t h e  N o r t r o n i c s  D i v i s i o n  was i n i t i a t e d  

t o  s t u d y  c r a t e r i n g  and damage e v a l u a t i o n  of h i g h  speed p a r t i c l e s  impac t ing  

t a r g e t s  i n  t h e  atmosphere a t  ambient  p r e s s u r e s .  T h i s  program w a s  e x p l o r e d  

u n t i l  v e l o c i t i e s  of 12,500 f p s  were a c h i e v e d  w i t h  a 5 gram aluminum 

p f o j e c t i l e .  The program produced impact d a t a  f o r  d e s i g n  of ordnance 

items. To d a t e ,  s o l i d  s t ee l ,  aluminum and Lexan p r o j e c t i l e s  have been 

f i r e d  a g a i n s t  s teel  and aluminum t a r g e t s  o f  v a r y i n g  t h i c k n e s s .  Composite 

p r o j e c t i l e s  composed o f :  (1) p o l y u r e t h a n e  s a b o t s  c a r r y i n g  s t e e l ,  l e a d ,  

o r  g l a s s  par t ic les ,  ( 2 )  aluminum c a p s u l e s  c o n t a i n i n g  t e t r y l  ( e x p l o s i v e ) ,  

and ( 3 )  Lexan p l a s t i c  c a p s u l e s  c o n t a i n i n g  mercury have a l s o  been f i r e d  

a g a i n s t  s t ee l  and aluminum. 

The 41-cubic  f o o t  vacuum chamber i s  c a p a b l e  of  a c h i e v i n g  a vacuum t o  0.5 

mm of Hg w i t h  mechanical  pumps a f t e r  o n e - h a l f  hour  of pumping t i m e .  The 
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increased  v e l o c i t y  and impact phenomena d i c t a t e d  t h a t  a f l a s h  X-ray would 

be d e s i r a b l e  t o  record v e l o c i t y  and t h e  ac tua l  o r i e n t a t i o n  of p r o j e c t i l e  

both du r ing  f l i g h t  and a t  impact. 

The Northrop l i g h t  gas gun now u t i l i z e s  a F l e x i t r o n  720 three-channel  

f l a s h  X-ray u n i t .  I n  a d d i t i o n ,  a v e l o c i t y  measuring t r i g g e r  break s c r e e n  

c i r c u i t  f o r  use wi th  a Tekt ronix  545 osc i l loscope  has  been incorpora ted .  

During f i r i n g s ,  s t ress  d a t a  are a l s o  recorded on s t r a i n  gauges mounted on 

t h e  gun ' s  high p res su re  s e c t i o n  and combustion tube. The l i g h t  gas  gun t o  

d a t e  has  achieved v e l o c i t i e s  i n  excess  of 22,000 fps  f o r  a 1/8- inch d iameter  

s tee 1 p r o  j ec t i le. 

4.1.3 

t h i s  gun is ve ry  similar t o  t h e  Northrop Light G a s  Gun wi th  t h e  on ly  

d i f f e r e n c e  t h a t  h e r e  a th ree - s t age  system i s  used and hydrogen gas  i s  e m -  

ployed in s t ead  of  helium as t h e  compressed gas .  The e f f e c t i v e n e s s  of  

The H c G i l l  Un ive r s i ty  Lipht  Gas Gun F a c i l i t y .  The p r i n c i p l e  o f  

t h i s  gun is p z r t i c u l a r l y  due to t h e  use cf .:o,ry i n g e n i e u s  sabCt-pe!?et 

s e p a r a t i o n  technique and t o . t h e  e f f e c t i v e  u t i l i z a t i o n  of t h e  gas com- 

p res s ing  f o r c e s  wi th  t h e  he lp  of  t h e  proper p r o p e l l a n t  s e l e c t i o n .  This  

gun has  propel led  a l a rge  v a r i e t y  of p r o j e c t i l e s  (Mg, A l ,  Lexan, S t e e l ,  

e tc . )  w i th  d iameters  varying from 1/32-inch t o  1 /2- inch  and a t  v e l o c i t i e s  

up t o  35,000 fps .  J u s t  r e c e n t l y  i n  a hyperve loc i ty  t e s t ,  a 1 /8- inch  

diameter  magnesium p a r t i c l e  was acce le ra t ed  t o  a v e l o c i t y  of 39,500 f p s .  

4.1.4 New Gun F a c i l i t y  f o r  B a l l i s t i c  Tes t ing  of  Heated and Cooled Ta rge t s  

i n  a High Vacuum. Figure 4-3 shows t h i s  f a c i l i t y  which i s  being used i n  

a r e sea rch  program j u s t  r e c e n t l y  s t a r t e d ,  whereby some of our  most success-  

f u l  s e l f - s e a l i n g  s t r u c t u r e s  are being t e s t ed  f o r  t h e i r  t empera ture  

dependence ( e l eva ted  and cryogenic)  of s e l f - s e a l i n g  c a p a b i l i t y .  

4.2 MECHANICAL SELF-SEALING CONFIGURATIONS 

4.2.1 Elastomer Sphere Concept, Basic d e t a i l s  of t h e  pane l  conf igura-  
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t i o n  which h a s  c o n s i s t e n t l y  demonstrated e f f e c t i v e  s e l f - s e a l i n g  a c t i o n  

are shown i n  F i g u r e  4-4.  

p u n c t u r i n g  a p r e s s u r i z e d  compartment,  causes  t h e  e s c a p i n g  f l u i d  t o  s e t  

up a l o c a l  dynamic imbalance a c r o s s  t h e  h o l e .  The working p r i n c i p l e  of 

t h i s  c o n c e p t  depends on t h e  f o r c e  gene ra t ed  by t h e  p r e s s u r e  d i f f e r e n t i a l  

a c r o s s  t h e  p u n c t u r e  i n  drawing a sphe re  t o  t h e  h o l e  and e f f e c t i n g  a seal .  

The dynamic a c t i o n  of  a me teo ro id  w h i l e  

The s e a l i n g  c a p a b i l i t y  o f  t h e  i l l u s t r a t e d  pane l  c o n f i g u r a t i o n  has been 

e x p e r i m e n t a l l y  demons t r a t ed  by punc tu r ing  t h e  p a n e l  w i t h  a 1 / 8 - i n c h  

d i a m e t e r  s tee l  s p h e r e  a t  a n  impact v e l o c i t y  of 24,700 f p s .  E f f e c t i v e  

s e a l i n g  a c t i o n  r e s u l t e d  w i t h  a r e s i d u a l  a i r  l eakage  ra te  ( a c r o s s  a 14.7 

p s i  p r e s s u r e  d i f f e r e n t i a l )  of  1.3 lbs /day ,  Without t h e  s p h e r e s  t o  seal 

t h e  3 / 1 6 - i n c h  d i a m e t e r  h o l e  i n  t h e  p e l l e t  e n t r y  f a c e ,  t h e  a i r  l eakage  

ra te  would have been 595 lbs /day .  The p e l l e t  e x i t  f a c e  o f  t h e  p a n e l  

s u s t a i n e d  a n  i r r e g u l a r  h o l e  approximately 7 /16 - inch  i n  d i a m e t e r .  The 

punc tu red  p a n e l  i s  shown i n  F i g u r e  4-5.  

From a n  e v a l u a t i o n  o f  t es t  r e s u l t s  conducted w i t h  p a n e l  c o n f i g u r a t i o n s  

u s i n g  t h e  e l a s t o m e r  s p h e r e  s e l f - s e a l i n g  t e c h n i q u e ,  t h e  f o l l o w i n g  con- 

c l u d i n g  s t a t e m e n t s  may be made: 

0 The E las tomer  Sphe re  S e l f - s e a l i n g  Concept i s  one o f  t h e  s i m p l e s t  i n  

d e s i g n  and c a n  e a s i l y  b e  inco rpora t ed  i n t o  a d o u b l e  w a l l  pane l  con- 

f i g u r a t i o n .  

Of a l l  t h e  c o n c e p t s  e v a l u a t e d ,  i t  is t h e  l i g h t e s t  i n  we igh t  s i n c e  

a we igh t  a d d i t i o n  o f  0-31 l b s / f t ”  w i l l  g i v e  a d o u b l e  w a l l  p a n e l  

s e l f - s e a l i n g  c a p a b i l i t y .  

Fo r  s u c c e s s f u l  s e a l i n g ,  a f a i r l y  c l e a n  punc tu red  h o l e  i n  t h e  s e a l i n g  

f a c e  i s  r e q u i r e d ,  For  s i n g l e  t h i c k n e s s  metal l ic  o r  p l a s t i c  p e l l e t  

e n t r y  s h e e t s ,  the  i n n e r  f a c e  ( s e a l i n g  s u r f a c e )  of  t h e  punc tu red  

s h e e t  must be f r e e  from r a d i a l  c r acks ,  p e t a l l i n g  of t h e  h o l e  
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PROJECTILE: 1/8" DIA STEEL SPHERE 
VELOCITY: 24,700 FPS 

P E L L E T  IMPACT FACE 
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PELLET EXIT FACE 

FIGURE 4-5 PUNCTURED ELASTOMER SPHERE SELF=SEALING PANEL CONFIGURATION 
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boundary and ,  i n  t h e  c a s e  of laminated m a t e r i a l s ,  f r e e  from d e l a m i -  

na t ion .  

The more p l i a b l e  t h e  s e a l i n g  s u r f a c e  a n d / o r  e l a s t o m e r  s p h e r e s ,  t h e  

more e f f e c t i v e  w i l l  be t h e  s e a l i n g  a c t i o n .  

I n  t h e  p a n e l  c o n f i g u r a t i o n s  e v a l u a t e d ,  s u f f i c i e n t  s p h e r e s  were used 

i n  t h e  p a n e l  c a v i t y  ( 4  s p h e r e s / i n 2 )  t o  e n s u r e  t h a t  no s p h e r e  had t o  

be moved a n  a p p r e c i a b l e  d i s t a n c e  a g a i n s t  t h e  e a r t h ' s  g r a v i t a t i o n a l  

a t t r a c t i o n  t o  seal  t h e  punc tu re .  However, i n  t h e  Zero-"G" c o n d i t i o n s  

of s p a c e ,  t h e  s p h e r e s  would be  "we igh t l e s s "  and t h e  s l i g h t e s t  i m -  

ba l ance ,  due t o  t h e  e s c a p i n g  f l u i d s ,  would c a u s e  them t o  move i n t o  

the punc tu re .  T h e r e f o r e ,  i t  i s  expec ted  t h a t ,  f o r  o p e r a t i o n  i n  a 

space environment ,  t h e  number of  s p h e r e s  r e q u i r e d  t o  p r o v i d e  adequa te  

p r o t e c t i o n  cou ld  be reduced by a f a c t o r  of  a t  least  two ( i . e . ,  

2 s p h e r e s / i n 2  1 .  

A p e r t i n e n t  pa rame te r  t h a t  w i l l  a f f e c t  t h e  s e a l i n g  e f f e c t i v e n e s s  o f  

t h i s  concep t  i s  t h e  r a t i o  o f  p u n c t u r e  d i a m e t e r  (D,) a t  t h e  s e a l i n g  

s u r f a c e  t o  t h e  e l a s t o m e r  s p h e r e  d i a m e t e r  (D, 1. F b r  6%) = I ,  t h e  

sphe res  would be  drawn t h r o u g h  t h e  p u n c t u r e  w i t h o u t  s e a l i n g  o r  a 

b r idg ing  a c t i o n  by a few s p h e r e s  might occur ,  i n  which case p a r t i a l  

s e a l x ~ g  w i l l  r e s u l t .  For  v e r y  small h o l e s ,  o r  2 <<1, t h e  s e a l i n g  C J  
f o r c e  may no t  be s u f f i c i e n t  t o  p r o p e r l y  seat  t h e  s p h e r e  i n  t h e  

puncture ,  i n  which case mechanical  v i b r a t i o n  may u n s e a t  t h e  s p h e r e  

from t h e  h o l e .  A p o s s i b l e  s o l u t i o n  would be t o  u s e  a v a r i e t y  o f  

sphe re  d i a m e t e r s  s o  as t o  e s t a b l i s h  f a v o r a b l e  (F) r a t i o s  f o r  t h e  

range of  expec ted  p u n c t u r e  s izes ,  whereby i t  would be expec ted  t h a t  

the s m a l l e r  s p h e r e s  would b e  more r e a d i l y  drawn t o  t h e  smaller 

ho le s  ( s i n c e  a smaller d r i v i n g  f o r c e  would be r e q u i r e d  t o  move t h e  

smaller s p h e r e s ) .  Another s o l u t i o n  would be t o  i n c o r p o r a t e  i n t o  

t h e  p a n e l  c o n f i g u r a t i o n  t e c h n i q u e s  f o r  c a u s i n g  t h e  s p h e r e  t o  a d h e r e  



t o  t h e  s e a l i n g  s u r f a c e  once i t  h a s  been drawn t o  a p u n c t u r e .  

l a t t e r  t echn ique  is  d e s c r i b e d  i n  d e t a i l  i n  S e c t i o n  4.3.5. 

T h i s  

4.2.2 F i b e r  M a t  Concept .  The mechanism of  t h i s  c o n c e p t ,  whose conf igGra-  

t i o n  i s  g i v e n  i n  F i g u r e  4 - 6 ,  depends upon t h e  m o b i l i t y  of a f i b e r  when 

s u b j e c t e d  t o  a p r e s s u r e  d i f f e r e n t i a l ,  t o  f low o r  move i n t o  a low p r e s s u r e  

area and become g r o s s l y  e n t a n g l e d  w h i l e  a t t e m p t i n g  t o  p a s s  through a 

s m a l l  opening  caused by t h e  pas sage  of  a p a r t i c l e .  T e s t i n g  of t h i s  con- 

c e p t  a t  low v e l o c i t i e s  (: 7,000 f t / s e c , )  y i e l d e d  l e a k  ra tes  of  a b o u t  

5 l b s / d a y  compared t o  a 260 l b / d a y  l e a k  ra te  f o r  a 1 / 8 - i n c h  d i a m e t e r  h o l e .  

The t e s t i n g  program was c o n t i n u e d  a t  h i g h e r  v e l o c i t i e s  (>  15,000 f t / s e c . )  

w i t h  t h e  Nor throp  l i g h t  gas  gun. Assoc ia ted  w i t h  t h e  i n c r e a s e d  v e l o c i t y  

of  t h e  p a r t i c l e ,  was t h e  i n c r e a s e d  s t r u c t u r a l  damage t o  b o t h  t h e  e n t r y  

and e x i t  f a c e s  of  t h e  p a n e l  and i n c r e a s e d  material removal from t h e  f r o n t  

face .  G e n e r a l l y ,  t h e  h o l e  d i a m e t e r  o f  t h e  f r o n t  f a c e  i n c r e a s e d  from a b o u t  

a n  e f f e c t i v e  d i a m e t e r  o f  1 / 3 2 - i n c h  a t  7,000 f t / s e c .  t o  a b o u t  1 / 4 - i n c h  a t  

h i g h e r  v e l o c i t i e s  of  15,000 f t / s e c .  The major  pa rame te r s  a f f e c t i n g  t h e  

s e a l i n g  c a p a b i l i t i e s  of  t h e  " F i b e r  Mat1@ concep t  a t  h i g h  v e l o c i t i e s  were 

examined and i t  w a s  concluded t h a t  t h e  concept ,  when t e s t e d  a t  h i g h  

v e l o c i t i e s  w i t h  a 1 / 8 - i n c h  d i ame te r  s t e e l  p e l l e t ,  w i l l  n o t  p r o v i d e  a d e q u a t e  

s e a l i n g  a c t i o n  a g a i n s t  a i r  leakage,  The c a u s e  of  t h i s  f a i l u r e  i s  t h e  

e x c e s s i v e  material removal on t h e  e n t r y  p a n e l ,  c r e a t i n g  a l a r g e  1 / 4 - i n c h  

d i ame te r  h o l e  and t h e  shock waves, a l t h o u g h  a t t e n u a t e d  by t h e  f i b e r s ,  

which d i s p e r s e  t h e  f i b e r s  s u f f i c i e n t l y  a f a r  from t h e  p e l l e t  e n t r y  p a t h  

t o  p r e v e n t  t h e i r  be ing  drawn t o  t h e  h o l e  i n  s u f f i c i e n t  q u a n t i t y  t o  e f f e c t  

a seal. However, i t  h a s  been shown t h a t  the  F i b e r  Mat Concept does  

p r e v e n t  c a t a s t r o p h i c  f a i l u r e s  wi tnes sed  i n  t h e  l a b o r a t o r y  a n d ,  when 

combined w i t h  t h e  chemica l  c o n c e p t s ,  w i l l  enhance t h e  s e a l i n g  a c t i o n .  

A d d i t i o n a l  e x p e r i m e n t a t i o n  w i l l  be i n i t i a t e d  t o  e v a l u a t e  t h e  e f f e c t s  of 

t h e  t h i c k n e s s  of  t h e  f i b e r  m a t  compartment and a l s o  t h e  l e a k  ra te  of  

s t a n d a r d  p a n e l s  when p e n e t r a t e d  by p e l l e t s  1 / 1 6 - i n c h  i n  d i ame te r  or  smaller. 
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4.3 COMBINED MECHANICAL AND CHEMICAL SELF-SEALING CONCEPTS 

E l a s t o m e r / F i b e r  Mat o r  Rubber S p h e r e s  o r  A i r  Gap Concept.  4.3.1 PTV S i h o n e  . .  

RTV S i l i c o n e  E l a s t o m e r / F i b e r  ?+fat Concept 

The s e l f - s e a l i n g  s t r u c t u r e  c o n f i g u r a t i o n  f o r  t h i s  concep t  i s  g i v e n  i n  

F i g u r e  4 - 7 .  The p r i n c i p l e  of t h i s  concept i s  as f o l l o w s :  

Upon impact ,  t h e  a s b e s t o s  f i b e r s  a t t e n u a t e  t h e  shock wave e f f e c t s  by 

d i s s i p a t i n g  t h e  i n c i d e n t  ene rgy  and, due  t o  the e x i s t i n g  p r e s s u r e  

d i f f e r e n t i a l ,  some of  t h e  f i b e r s  a r e  a t t r a c t e d  t o  t h e  p u n c t u r e  and 

e f f e c t  a p a r t i a l  seal. A t  t h e  same t i m e ,  t h e  p e n e t r a t i n g  p e l l e t  

i n i t i a t e s  a chemical  r e a c t i o n  which e f f e c t u a t e s  a complete  seal 

whereby t h e  e n t r y  h o l e  i s  completely s e a l e d  by t h e  pe rmanen t ly  a d h e r -  

i n g  f i b e r s  and t h e  c u r e d  material. Thus,  t h e  main f u n c t i o n s  of t h e  

f i b e r s  are t o  a t t e n u a t e  t h e  shock wave e f f e c t s ,  t o  minimize t h e  

damage t o  t h e  s t r u c t u r e  f a c e  s h e e t s ,  and t o  r e d u c e  t h e  e f f l u x  o f  

t h e  s e a l i n g  c o n s t i t u e n t s  t h rough  t h e  p u n c t u r e  b e f o r e  t h e  s e a l i n g  

p r o c e s s  i s  completed,  

S e v e r a l  s e l f - s e a l i n g  s t r u c t u r e s  u s i n g  t h i s  c o n f i g u r a t i o n  were impacted 

w i t h  a 1 / 8 - i n c h  s tee l  p e l l e t  p r o j e c t i l e  a t  medium v e l o c i t i e s  (10,000 t o  

15,000 f p s )  u s i n g  t h e  Northrop L i g h t  Gas Gun F a c i l i t y  and a t  h i g h e r  

v e l o c i t i e s  (up  t o  26,000 f p s )  u s i n g  t h e  M c G i l l  U n i v e r s i t y  L i g h t  Gas Gun. 

I n  each t e s t ,  t h e  s e l f - s e a l i n g  s t r u c t u r e  was mounted on a vacuum tank  

whereby one of  t h e  s t r u c t u r e  f a c e  s h e e t s  ( impac t  f a c e  o r  e n t r y  f a c e )  was 

exposed t o  t h e  vacuum and t h e  back f a c e  ( o r  e x i t  f a c e )  w a s  exposed t o  

o n e  atmosphere p r e s s u r e .  T h i s  was done t o  s i m u l a t e  t h e  c o n d i t i o n s  i n  

s p a c e .  

The r e s u l t s  o b t a i n e d  from t h e s e  tests demonstrated e x c e l l e n t  f e a s i b i l i t y  

o f  t h i s  concep t .  Upon d i s s e c t i o n  of  the s e l f - s e a l i n g  s t r u c t u r e s  a f t e r  
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t e s t ,  t h e  i n s i d e  of  t h e  s t r u c t u r e s  showed c l e a r l y  t h a t  t h e  s e l f - s e a l i n g  

mechanism had t a k e n  p l a c e  as i n d i c a t e d  above. The a s b e s t o s  f i b e r s ,  as a n  

ene rgy  a b s o r b e r ,  d e f i n i t e l y  ass is t  i n  damage l o c a l i z a t i o n  and s e l f - s e a l i n g  

a c t i v i t y .  

The o n l y  d i s a d v a n t a g e  w i t h  t h i s  concept  i s  t h e  h i g h  d e n s i t y  of  t h e  uncured 

e l a s t o m e r  ( R T V  60)  used.  I t  w i l l  a p p r e c i a b l y  a f f e c t  t h e  weight  of  t h e  

s e l f - s e a l i n g  s t r u c t u r e  and a l so  i t  seems, as esp la iGed ea r l i e r  i n  S e c t i o n  

3 . 3 ,  t h a t  i t  c o n t r i b u t e s  t o  t h e  heavy c r a c k i n g  of  t h e  s t r u c t u r e  backup 

s h e e t  when impacted a t  v e r y  h i g h  v e l o c i t i e s  (26 ,000  f p s ) .  B u t ,  due t o  

t h e  p re sence  of  t h e  n i t r i l e  r u b b e r  s h e e t  on  t h e  o u t s i d e ,  t h e  o v e r a l l  

damage of  t h e  backup s h e e t  is  k e p t  t o  a minimum. 

To show t h e  s e l f - s e a l i n g  c a p a b i l i t y  o f  t h i s  concept  a t  medium v e l o c i t y  

(15,000 f p s )  and a t  h i g h e r  v e l o c i t y  (26 ,000  f p s ) ,  two t e s t  examples are 

g i v e n .  The c o n f i g u r a t i o n  of t h e s e  two s e l f - s e a l i n g  s t r u c t u r e s  i s  

i i i u s t r a t e d  i n  F i g u r e  4-7.  

I n  t h e  medium v e l o c i t y  case, t h e  damage expe r i enced  on t h e  f a c e  s h e e t s  

w a s  minor.  A 3 /16- inch  h o l e  w a s  noted on b o t h  f a c e  s h e e t s  ( e n t r y  and 

e x i t )  and no c r a c k i n g  occurred .  The f i b e r s  i s o l a t i n g  t h e  l i q u i d  con-  

s t i t u e n t s  from t h e  impact  f a c e  responded v e r y  w e l l  t o  t h e  shock wave 

e f f e c t s ,  Upon d i s s e c t i o n  o f  t h e  s t r u c t u r e ,  i t  was noted t h a t  t h e  

mechanism of  i n i t i a t i n g  t h e  chemica l  r e a c t i o n  by t h e  p e n e t r a t i n g  p r o j e c t i l e  

performed v e r y  w e l l .  

T h i s  s t r u c t u r e  demonst ra ted  good s e a l i n g  c a p a b i l i t i e s .  A l e a k a g e  rate 

t e s t  a f t e r  punc tu re  showed a leakage  of  z e r o  pounds of  a i r  p e r  day  a t  a 

p r e s s u r e  d i f f e r e n t i a l  o f  one atmosphere (14.7 p s i ) .  T h i s  s e l f - s e a l i n g  

s t r u c t u r e  w a s  t e s t e d  a t  t h e  Nor throp  Light  Gas Gun F a c i l i t y  u s i n g  1/8- 

i n c h  s t e e l  p e l l e t s .  
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I n  t h e  c a s e  of  t h e  h i g h e r  v e l o c i t y  impac t ,  t h e  s e l f - s e a l i n g  s t r u c t u r e  was 

impacted a t  t h e  M c G i l l  U n i v e r s i t y  F a c i l i t y  u s i n g  1 / 8 - i n c h  s tee l  p e l l e t  

a t  a v e l o c i t y  o f  26,000 f p s .  

The damage provoked t o  t h e  e n t r y  f a c e  w a s  v e r y  similar t o  t h e  case a t  

medium v e l o c i t y .  However, t h e  damage t o  t h e  e x i t  f a c e  w a s  f a r  more s e v e r e  

where heavy c r a c k i n g  o f  t h e  epoxy l amina te  was o b t a i n e d ,  b u t  i t  was 

minimized due t o  t h e  p re sence  o f  t h e  n i t r i l e  rubbe r  s h e e t  and t h e  s e l f -  

s e a l i n g  s t r u c t u r e  was cons ide red  as s u c c e s s f u l .  

showed, a f t e r  p u n c t u r e ,  a l eakage  o f  approx ima te ly  2 t o  3 pounds of  a i r  

p e r  day a t  a p r e s s u r e  d i f f e r e n t i a l  o f  one a tmosphere  (14 .7  p s i ) .  

A l eakage  ra te  t e s t  

RTV S i l i c o n e  Elastomer/Rubber  Sphe res  Concept 

The s e l f - s e a l i n g  s t r u c t u r e  c o n f i g u r a t i o n  f o r  t h i s  concep t  i s  g i v e n  i n  

F igu re  4-8.  

c0ncep.t w i t h  t h e  on ly  d i f f e r e n c e  t h a t  h e r e  rubbe r  b a l l s  are  used as 

compress ib l e  material i n s t e a d  o f  f i b e r s .  The b a l l s  have t h e  same 

f u n c t i o n s ;  namely, t o  a t t e n u a t e  t h e  shock wave e f f e c t s ,  minimize t h e  

damage t o  t h e  f a c e  s h e e t s  and t o  per form a p a r t i a l  o r  comple te  seal. 

r h e  chemical r e a c t i o n  t a k i n g  p l a c e  i n  t h e  chemica l  compartment upon 

p e n e t r a t i o n  w i l l  form a n  e l a s t o m e r  which w i l l  comple te  t h e  seal and 

adhe re  t h e  b a l l s  permanent ly  i n  t h e  punctured  ho le .  

The p r i n c i p l e  of  t h i s  concep t  i s  v e r y  similar t o  t h e  above 

Seve ra l  s e l f - s e a l i n g  s t r u c t u r e s  u s i n g  t h i s  c o n f i g u r a t i o n  were impacted 

w i t h  1 /8 - inch  s t ee l  p e l l e t s  a t  medium and h i g h e r  v e l o c i t y .  

of  t h e  most s u c c e s s f u l  c o n f i g u r a t i o n  of  t h i s  t y p e  are shown i n  F i g u r e  4-8. 

The d e t a i l s  

During some o f  t h e  t e s t s ,  s imul t aneous  impac t ing  o f  s a b o t ,  s t r i p p e r  and 

p e l l e t  d e b r i s  occu r red .  However, i n  s p i t e  of  m u l t i p l e  p u n c t u r e s  i n  one 

s h o t ,  a s t r u c t u r e  i n  one i n s t a n c e  s e a l e d  a lmos t  comple te ly .  Approximately 

t h r e e  h o l e s  were h e r m e t i c a l l y  s e a l e d  by t h e  b a l l s  and a f o u r t h  h o l e  

(provoked by a b i g  chunk o f  f o r e i g n  m a t e r i a l )  a lmos t  s e a l e d .  Upon 
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d i s s e c t i o n  of  t h e  p a n e l ,  i t  was noted t h a t  t h e  p r e d i c t e d  mechanism had 

t a k e n  place.  The t h r e e  b a l l s  which s e a l e d  t h e  t h r e e  h o l e s  h e r m e t i c a l l y  

had adhered t o  t h e  punc tu re  w i t h  t h e  h e l p  of  t h e  c u r e d  e l a s t o m e r .  

The e x i t  f a c e  d i d  not  s u f f e r  .any c r a c k i n g  of  t h e  l a m i n a t e  and t h e  

punctured h o l e s  were a l l  s e a l e d  w i t h  t h e  e x c e p t i o n  of  one which w a s  

sealed a l m o s t  comple t e ly  by t h e  c u r e d  material. 

An a t t e m p t  t o  p e n e t r a t e  a s e l f - s e a l i n g  s t r u c t u r e  w i t h  c o n f i g u r a t i o n  shown 

i n  F igure  4-8 ,  a t  h i g h e r  v e l o c i t y  (19,000 f p s )  u s i n g  1 / 8 - i n c h  s t e e l  

p e l l e t  and t h e  M c G i l l  U n i v e r s i t y  L i g h t  Gas Gun, f a i l e d .  Apparen t ly ,  

a c c o r d i n g  t o  t h e  a f t e r  t e s t  a n a l y s i s  o f  t h e  s t r u c t u r e ,  t h e  1 / 8 - i n c h  s t ee l  

p e l l e t  broke up a f t e r  p e n e t r a t i o n  of  t h e  e n t r y  f a c e  and ,  t h u s ,  p e n e t r a -  

t i o n  of t h e  e x i t  f a c e  d i d  n o t  occur .  Upon d i s s e c t i o n  of  t h e  s t r u c t u r e ,  

i t  was observed t h a t  t h e  chemical  r e a c t i o n  had t a k e n  p l a c e  a t  a s l o w e r  

ra te  (because  of  t h e  non-ex i s t ence  of  t h e  p r e s s u r e  d i f f e r e n t i a l )  and t h a t  

t h e  formed e l a s tomer  had s e a l e d  t h e  approx ima te ly  1 / 4 - i n c h  h o l e  provoked 

i n  t h e  e n t r y  f a c e .  No seal w a s  performed by t h e  e l a s t o m e r i c  b a l l s  due  

t o  t h e  absence  of  any  p r e s s u r e  d i f f e r e n t i a l  from one s i d e  of  t h e  p a n e l  t o  

t h e  o t h e r  a f t e r  impact .  The epoxy l a m i n a t e  on backup s h e e t  c r acked  

h e a v i l y ,  bu t  t h e  n i t r i l e  rubber  s h e e t  bonded t o  t h e  o u t s i d e  of  t h e  

lamina te  w a s  untouched,  

RTV S i l i c o n e  Elastomer/Air Gap Concept 

The panel  c o n f i g u r a t i o n  i l l u s t r a t e d  i n  F i g u r e  4-9 was f a b r i c a t e d  w i t h  

aluminum f a c e  s h e e t s  i n s t e a d  of nonmeta l l i c  l a m i n a t e s  as used i n  t h e  

o t h e r  p a n e l  c o n f i g u r a t i o n s .  The purpose  of t h i s  p a n e l  w a s  t o  e v a l u a t e  

t h e  e x t e n t  of  damage t o  meta l l ic  f a c e  s h e e t s  r e s u l t i n g  from a h i g h  v e l o c i t y  

p a r t i c l e  p e n e t r a t i o n  i n t o  t h e  p a n e l  c o n f i g u r a t i o n .  The p a n e l  w a s  mounted 

on a n  a i r - f i l l e d  t a n k  p r e s s u r i z e d  t o  one atmosphere,  and t h e n  impacted 

by a 1 / 8 - i n c h  d i ame te r  s t ee l  p e l l e t  a t  a n  impact  v e l o c i t y  of approx ima te ly  

18,500 f p s .  The r e s u l t  o f  t h i s  t e s t  i s  i l l u s t r a t e d  i n  F i g u r e  4-10. The 
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c a t a s t r o p h i c  f a i l u r e  o f  t h i s  p a n e l  r e s u l t e d  from a v i o l e n t  e x p l o s i o n  

o c c u r r i n g  i n s i d e  t h e  tank. T h i s  phenomenon h a s  been a t t r i b u t e d  t o  t h e  

s p r a y  of  h o t  aluminum p a r t i c l e s  ( f rom the p a n e l  f a c e  s h e e t s )  i n i t i a t i n g  

a p y r o p h o r i c  chemica l  r e a c t i o n  w i t h  t h e  oxygen i n  t h e  t a n k .  S i n c e  t h e  

r e s u l t i n g  r e a c t i o n  is  exo the rmic ,  a l a r g e  q u a n t i t y  of  h e a t  was r e l e a s e d  

which g e n e r a t e d  l o c a l i z e d  and ex t r eme ly  h i g h  p r e s s u r e s  a t  t h e  p a n e l  i n t e r -  

f a c e .  S i n c e  t h e s e  p r e s s u r e s  exceeded the dynamic r u p t u r e  s t r e n g t h  of  

t h e  p a n e l ,  e x p l o s i v e  r u p t u r e  occur red .  For  a f u r t h e r  d i s c u s s i o n  of t h i s  

phenomenon, and a n  a n a l y s i s  of t h e  p e r t i n e n t  chemica l  r e a c t i o n s ,  see 

P a r t  I1 of t h i s  r e p o r t  ( S e c t i o n  2.1.2). 

C a t a s t r o p h i c  r u p t u r e  d i d  not occur  i n  a n y  of t h e  o t h e r  s e l f - s e a l i n g  p a n e l  

c o n f i g u r a t i o n s  i n  which n o n m e t a l l i c  f a c e  s h e e t s  were used ,  even though 

some o f  t h e s e  p a n e l s  were t e s t ed  a t  impact v e l o c i t i e s  exceeding 18,500 

f p s  (see T a b l e  2-11. On t h e  b a s i s  of t h i s  one t e s t ,  i n  which a n  aluminum 

faced  p a n e l  w a s  c a t a s t r o p h i c a l l y  r u p t u r e d ,  one might c o n c l u d e  t h a t  a l u -  

minum walls s h o u l d  be  avoided f o r  a i r  p r e s s u r i z e d  compartments. However, 

a f u r t h e r  i n v e s t i g a t i o n  o f  t h i s  phenomenon and r e l a t e d  parameters w i l l  

be r e q u i r e d  b e f o r e  a f i n a l  a s ses smen t  may be made on t h e  e x t e n t  o f  t h e  

magnitude o f  t h i s  p o t e n t i a l  hazard.  

shou ld  c o n s i d e r  t h e  f o l l o w i n g  p e r t i n e n t  parameters: 

A n  i n v e s t i g a t i o n  o f  t h i s  phenomenon 

0 Tank w a l l  materials. 

Con ta ined  gas .  

0 I n i t i a l  p r e s s u r e  i n  tank.  

B a l l i s t i c  p a r a m e t e r s  ( p r o j e c t i l e  s i z e ,  material and v e l o c i t y ) .  

4 . 3 . 2  R i g i d  S i l i c o n e  Foam/Fiber Mat o r  Rubber S p h e r e s  Concept. The 

reason f o r  t h e  s e l e c t i o n  of t h i s  t y p e  of foam ( e i t h e r  r i g i d  o r  f l e x i b l e )  

o v e r  t h e  o t h e r  foams was e x p l a i n e d  i n  S e c t i o n  3.3. The advan tages  of  

t h i s  t y p e  o f  foam o v e r  RTV 60 e l a s t o m e r  were p r i m a r i l y  t h e  d e n s i t y  f a c t o r  
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( t h e  foam i s  a p p r e c i a b l y  l i g h t e r )  and t h e  expans ion  of t h e  material which 

occur s  upon impact and improves s i g n i f i c a n t l y  t h e  s e l f - s e a l i n g  c a p a b i l i t y  

o f  t h i s  m a t e r i a l  i n  ou r  s e l f - s e a l i n g  s t r u c t u r e s  c o n f i g u r a t i o n .  

R ip id  S i l i c o n e  Foam/Fiber Mat Concept 

T h i s  concept i n  p a r t i c u l a r  w a s  e v a l u a t e d  v e r y  tho rough ly  d u r i n g  t h i s  y e a r ' s  

program. The p r i n c i p l e  of  t h i s  concep t  whose c o n f i g u r a t i o n  i s  g i v e n  i n  

F i g u r e  3 -4  i s  as f o l l o w s :  

Upon p e n e t r a t i o n  of  t h e  s t r u c t u r e ,  t h e  f i b e r s  a t t e n u a t e  t h e  shock 

wave e f f e c t s ,  minimize t h e  s t r u c t u r e  damage and material removal 

and e f f e c t u a t e s  a p a r t i a l  seal .  A t  t h e  same t i m e ,  w h i l e  t h e  f i b e r s  

prevent  t h e  e f f l u x  of t h e  chemical  i n g r e d i e n t s ,  chemical  r e a c t i o n  

i s  t a k i n g  p l a c e  upon p e n e t r a t i o n  of t h e  s t r u c t u r e .  A po lymer i c  

mass i s  formed which c u r e s  and expands a t  a v e r y  f a s t  r a t e  f i l l i n g  

completely t h e  chemical  compartment and e x t r u d i n g  i n t o  t h e  f i b e r s  

compartment mixing wi th  t h e  f i b e r s  and e f f e c t u a t i n g  a comple t e  seal  

along t h e  p e l l e t  h o l e  p a t h .  

A l a r g e  number of  s t r u c t u r e s  were p repa red  and t e s t e d  w i t h  e i t h e r  t h e  

Northrop L igh t  Gas Gun o r  t h e  M c G i l l  U n i v e r s i t y  L igh t  Gas Gun, u s i n g  

1 /8 - inch  s tee l  p e l l e t s  as t h e  p r o j e c t i l e .  Using t h e  c o n f i g u r a t i o n  shown 

i n  F i g u r e  3-4,  h i g h l y  s u c c e s s f u l  r e s u l t s  were o b t a i n e d  as w e l l  a t  medium 

v e l o c i t y  (10,000 t o  15,000 f p s )  impacts  as a t  h i g h  v e l o c i t y  (up t o  

23,000 f p s )  p e n e t r a t i o n s .  Two t e s t  examples a r e  g i v e n  below, one a t  

medium v e l o c i t y  and one a t  h i g h e r  v e l o c i t y .  

I n  t h e  lower v e l o c i t y  (15,000 f p s )  t e s t ,  t h e  s e l f - s e a l i n g  c o n f i g u r a t i o n  

sealed immediately upon impact. The e n t r y  f a c e  showed a 1 / 4 - i n c h  d i a m e t e r  

h o l e  ( i n  epoxy laminate) which w a s  reduced t o  a p p r o x i m a t e l y  1 / 8 - i n c h  

d i ame te r  by t h e  1 /32 - inch  t h i c k  n i t r i l e  r u b b e r  s h e e t  bonded i n  back of 

t h e  epoxy laminate .  T h i s  punc tu red  h o l e  was s e a l e d  immediately upon 
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impact  by t h e  foamed s i l i c o n e  mixed w i t h  some f i b e r s .  Upon d i s s e c t i o n  

o f  t h e  p a n e l ,  i t  w a s  observed t h a t  some of  t h e  f i b e r s  had been d i s p e r s e d  

a f a r  from t h e  p e l l e t  e n t r y  p a t h  due  t o  t h e  shock wave e f f e c t .  

some o f  t h e  f i b e r s  had been  f o r c e d  by  the onf lowing  chemica ls  t o  mix and 

h e l p  t o  seal t h e  puncture .  The complete  and t i g h t  sea l  was performed by 

t h e  foamed material which s e a l e d  t h r e e  h o l e s ,  t h e  e n t r y  h o l e ,  t h e  5 /16-  

i n c h  h o l e  i n  t h e  n i t r i l e  r u b b e r  s h e e t  (which separates t h e  chemica l  com- 

par tment  from t h e  f i b e r s  compartment) and t h e  e x i t  h o l e  ( 3 / 8 - i n c h ) .  The 

chemica l  compartment i t s e l f  was f i l l e d  comple te ly  by t h e  r i g i d  s i l i c o n e  

foam. An i l l u s t r a t i o n  of  t h i s  e f f e c t i v e  s e a l i n g  mechanism i s  g i v e n  i n  

F i g u r e  4-11. 

However, 

The h i g h  v e l o c i t y  t e s t  a t  23,900 f p s  performed a t  t h e  M c G i l l  U n i v e r s i t y  

F a c i l i t y ,  gave  e x c e l l e n t  r e s u l t s .  The s e l f - s e a l i n g  s t r u c t u r e  s e a l e d  

immediately upon impact  and a l e a k a g e  r a t e  d e t e r m i n a t i o n  a f t e r  t e s t  i n d i -  

c a t e d  a z e r o  pound of  a i r  p e r  day  leakage. The d e g r e e  of  s t r u c t u r a l  

damage ( see  F i g u r e  4-12)  d i d  not  exceed a p p r e c i a b l y  t h e  one a t  medium 

v e l o c i t y .  The e n t r y  f a c e  s h e e t  showed a 3 /16 - inch  d i a m e t e r  h o l e  w i t h o u t  

c r a c k i n g  which w a s  s e a l e d  t i g h t l y  w i t h  t h e  s i l i c o n e  foam in t e rmixed  w i t h  

some f i b e r s .  The i n s i d e  o f  t h e  s t r u c t u r e  ev idenced  t h e  s e a l i n g  mechanism 

( v e r y  s imi la r  t o  t h e  one  snown i n  F i g u r e  4-11) which had t a k e n  p l a c e  upon 

impact and e f f e c t i n g  a v e r y  s u c c e s s f u l  s e a l .  The 5 /16 - inch  d i a m e t e r  h o l e  

i n  t h e  e x i t  f a c e  w a s  also comple t e ly  s e a l e d .  

To check t h e  s e a l i n g  c a p a b i l i t y  c o n s i s t e n c y  of  t h i s  c o n c e p t ,  s even  s e l f -  

s e a l i n g  s t r u c t u r e s  w i t h  c o n f i g u r a t i o n  shown i n  F i g u r e  3-4,  were p r e p a r e d .  

They were p e n e t r a t e d  by l / B - i n c h  s t e e l  p e l l e t  a t  7,000 f p s  u s i n g  t h e  

Nor throp  Space  L a b o r a t o r i e s  P a r t i c l e  A c c e l e r a t o r .  The r e s u l t s  o b t a i n e d  

were e x c e l l e n t  inasmuch as a l l  seven  s t r u c t u r e s  s e a l e d  comple t e ly  (which 

w a s  de t e rmined  w i t h  t h e  leak  d e t e c t o r )  i n  a v e r y  s h o r t  t i m e .  The l e a k  

ra te  i n  a l l  cases w a s  a ways v e r y  low (almost u n d e t e c t a b l e  by ear)  

i n i t i a l l y  a t  impact  and d e c r e a s e d ,  t h e r e a f t e r ,  v e r y  r a p i d l y  t o  z e r o  
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-pound a i r  p e r  day u n t i l  t h e  s t r u c t u r e  s e a l e d  comple t e ly .  

I n  a r e c e n t l y  i n i t i a t e d  new ser ies  o f  t e s t s ,  f u r t h e r  i n v e s t i g a t i o n  of  t h i s  

h i g h l y  s u c c e s s f u l  s e l f - s e a l i n g  c o n f i g u r a t i o n  w i l l  be performed. Three 

s i m i l a r  s t r u c t u r e s ,  u s i n g  t h e  same materials ( b u t  i ess )  and t h e  same 

c o n f i g u r a t i o n s  ( b u t  t h i n n e r )  as above,  have been p r e p a r e d  f o r  t e s t i n g  a t  

t h e  McGill U n i v e r s i t y  Gun F a c i l i t y .  The f o l l o w i n g  p a r a m e t e r s  are  t o  be 

checked: ( 1 )  t h e  c o n t i n u o u s  e f f e c t i v e  s e i f - s e a l i n g  c a p a b i l i t y  o f  t h e  

s t r u c t u r e  a f t e r  we igh t  r e d u c t i o n  by more t h a n  25 p e r  c e n t ,  ( 2 )  t h e  s e l f -  

s e a l i n g  c a p a b i l i t y  of  t h i s  new s t r u c t u r e  when impacted w i t h  a 1 / 1 6 - i n c h  

s t e e l  p e l l e t  a t  25,000 f p s ,  and,  ( 3 )  t h e  s e l f - s e a l i n g  c a p a b i l i t y  when 

impacted w i t h  1 / 8 - i n c h  s t e e l  p e l l e t s  a t  a v e l o c i t y  i n  e x c e s s  o f  30,000 f p s .  

R ig id  S i l i c o n e  Foam/Rubber Sphe res  Concept 

The e f f i c i e n c y  of t h i s  concep t  i s  as g r e a t ,  o r  g r e a t e r ,  as t h e  one w i t h  

t h e  f i b e r s .  Because o f  t h e  t i m e  f a c t o r ,  t h e  number o f  s t r u c t u r e s  t e s t e d  

was smaller f o r  t h i s  concept .  No s t r u c t u r e  w a s  t e s t e d  a t  t h e  h i g h e r  

v e l o c i t y ,  b u t  s e v e r a l  were a t  t h e  medium v e l o c i t i e s .  Higher  v e l o c i t y  

s h o t s  a r e  planned f o r  t h e  immediate f u t u r e .  

The medium v e l o c i t y  tests g i v e  a good i n d i c a t i o n  o f  t h e  s e l f - s e a l i r f g  

c a p a b i l i t i e s  of  such a s t r u c t u r e  a t  h i g h e r  v e l o c i t i e s .  Mosc o f  t h e  

s t r u c t u r e s  whose c o n f i g u r a t i o n  i s  shown i n  F i g u r e  4-13, gave e x c e l l e n t  

r e s u l t s  a t  medium v e l o c i t i e s .  The p r i n c i p l e  o f  t h i s  concep t  i s  v e r y  

s i m i l a r  t o  t h e  one w i t h  t h e  f i b e r s .  Upon p e n e t r a t i o n  o f  t h e  s t r u c t u r e ,  

one of t h e  rubber  s p h e r e s  i s  drawn t o  t h e  h o l e ,  due t o  t h e  e x i s t i n g  

p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  s t r u c t u r e  f a c e s ,  e f f e c t u a t i n g  a p a r t i a l  o r  

complete seal. A t  t h e  same t i m e ,  a chemical  r e a c t i o n  i s  i n i t i a t e d ,  due 

t o  the  p e n e t r a t i n g  p r o j e c t i l e ,  r e l e a s i n g  t h e  two chemical c o n s t i t u e n t s  

which mix and form a v e r y  f a s t  c u r i n g  and foaming s i l i c o n e  material. 

T h i s  foam expands i n t o  t h e  chemica l  compartment, s e a l i n g  t h e  e x i t  h o l e  o f  

t h e  s t r u c t u r e ,  s e a l i n g  t h e  h o l e  provoked t o  t h e  n i t r i l e  r u b b e r  s h e e t  
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(membrane s e p a r a t i n g  t h e  chemica l s  from t h e  b a l l s ) ,  and e x t r u d i n g  i n t o  

t h e  spheres  compartment t h u s  c a u s i n g  t h e  rubbe r  b a l l s  t o  a d h e r e  permanent ly .  

When comparing t h i s  concept  w i t h  t h e  concep t  d e s c r i b e d  above where f i b e r s  

are used i n s t e a d  of  b a l l s ,  a v e r y  impor t an t  d i f f e r e n c e  w a s  noted d u r i n g  

t h e  t e s t s .  As mentioned p r e v i o u s l y ,  upon impact  o f  t h e  s t r u c t u r e  u s i n g  

t h e  concept  "Rigid Foam/Fibers," t h e  f i b e r s  are d i s p e r s e d  a f a r  from t h e  

p e l l e t  due  t o  t h e  shock wave e f f e c t .  However, some of  t h e  f i b e r s  ( i n  

s u f f i c i e n t  amount) manage t o  mix w i t h  t h e  onf lowing  chemica l s  and 

e f f e c t u a t e  a p a r t i a l  sea l ,  and p r e v e n t  t h e  l i q u i d  chemica l s  from e x t r u d -  

i n g  before  t h e  chemica l  p r o c e s s  i s  completed.  The amount of  f i b e r s  and 

t h e  degree  o f  mixing  w i t h  t h e  chemica ls  w i l l  d i c t a t e  t h e  d e g r e e  of 

p a r t i a l  seal  of t h e  e n t r y  f ace .  Thus,  w i t h  t h e  f i b e r s ,  t h e  d e g r e e  o f  

t h e  mechanical  seal  w i l l  v a r y  more a p p r e c i a b l y  t h a n  w i t h  t h e  b a l l s .  I n  

t h e  case  of t h e  concept  where t h e  b a l l s  are used ,  t h e  shock wave p r e s s u r e  

does  not d i s p e r s e  t h e  b a l l s  permanent ly  from t h e  p e l l e t  e n t r y  p a t h .  

Once the  shock wave i s  a t t e n u a t e d ,  one of  t h e  b a l l s  s t i l l  can  r o l l  back 

i n t o  the  punctured  h o l e ,  mix w i t h  t h e  foamed mass and h e l p  more e f f e c t i v e l y  

t h e  s e l f - s e a l i n g  a c t i o n .  However, t h i s  s t a t e m e n t  does  n o t  minimize t h e  

s e l f - s e a l i n g  e f f e c t i v e n e s s  o f  t h e  "Rigid Foam/Fibers" concep t ,  because  

h i g h l y  s u c c e s s f u l  r e s u l t s  were o b t a i n e d  d u r i n g  t h e  l a r g e  series o f  t es t s  

performed a t  medium and h i g h  v e l o c i t i e s .  

One of t h e  most s u c c e s s f u l  s e l f - s e a l i n g  s t r u c t u r e s  a t  medium v e l o c i t y  

(15,500 f p s )  u s i n g  t h e  "Rigid Foam/Rubber Spheres"  Concept and having  t h e  

c o n f i g u r a t i o n  shown i n  F i g u r e  4-13, gave t h e  fo l lowing  r e s u l t s :  

Minor damage occur red  t o  t h e  e n t r y  f a c e  (3 /16 - inch  d i a m e t e r  h o l e ) .  

The e x i t  f a c e  showed a 1 / 4 - i n c h  d i a m e t e r  h o l e .  Both p u n c t u r e s  

sea l ed  h e r m e t i c a l l y  and immedia te ly  a f t e r  impact .  Upon d i s s e c t i o n  

of t h e  s t r u c t u r e ,  i t  w a s  no ted  t h a t  one of  t h e  r u b b e r  s p h e r e s  had 

plugged t h e  e n t r y  h o l e  and o t h e r  bal ls  had g a t h e r e d  i n  t h e  v i c i n i t y  
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of  t h e  p e l l e t  e n t r y  path.  A l l  t h e  b a l l s  were h e l d  t o g e t h e r  by t h e  

foamed s i l i c o n e  r u b b e r  and had formed a permanent  p l u g .  Behind 

t h e  b a l l s  i n  t h e  chemical  compartment a l l  t h e  f r e e  space  had been 

f i l l e d  c o m p l e t e l y  by t h e  foamed m a t e r i a l  which had s e a l e d  t h e  

s t r u c t u r e  comp 1 e t  e 1 y . 
4.3.3 F l e x i b l e  S i l i c o n e  Foam/Fiber Mat o r  Rubber S p h e r e s  Concept.  T h i s  

concep t  i s  v e r y  e x c i t i n g  and v e r y  promising inasmuch as a new c a t a l y s t  

( r e f e r  t o  S e c t i o n  3.3 f o r  n o r e  d e t a i l s )  has been l o c a t s d  which c u r e s  and 

foams t h e  f l e x i b l e  s i l i c o n e  foam t o  a r a t e  e q u i v a l e n t  t o  t h e  one f o r  t h e  

r i g i d  s i l i c o n e  foam. Both c o n c e p t s ,  e i t he r  t h e  f l e x i b l e  foam w i t h  t h e  

f i b e r s  o r  w i t h  t h e  r u b b e r  s p h e r e s  were s u c c e s s f u l l y  t e s t e d  a t  low 

v e l o c i t i e s  (up  t o  7,000 f p s )  d u r i n g  t h e  last  q u a r t e r .  The tes ts  a t  

medium v e l o c i t i e s  have been i n i t i a t e d  du r ing  t h i s  last  q u a r t e r  w i t h  t h e  

f l e x i b l e  foam/rubber  s p h e r e s  concept .  

The p r i n c i p l e  of  t h i s  concep t  i s  i d e n t i c a l  t o  t h e  one w i t h  t h e  r i g i d  foam 

w i t h  t h e  e x c e p t i o n  that, h e r e ,  t h e  end product  i s  a f l e x i b l e  material 

which seals t h e  h o l e s  and mixes w i t h  the e l a s t o m e r i c  sphe res .  T h i s  was 

demons t r a t ed  by a s e l f - s e a l i n g  s t r u c t u r e  u s i n g  t h e  c o n f i g u r a t i o n  shown 

i n  F i g u r e  4-14. 

p e l l e t  a t  a v e l o c i t y  o f  15,200 f p s  and s e a l e d  immediately.  The s e l f -  

s e a l i n g  mechanism worked p e r f e c t l y  as witnessed by t h e  p i c t u r e  g i v e n  i n  

F i g u r e  4-15. 

by t h e  o t h e r  s t r u c t u r e s  when impacted i n  t h a t  v e l o c i t y  range.  

h o l e  s i z e  w a s  3 /16 - inch  i n  d i a m e t e r  and t h e  e x i t  h o l e  a p p r o x i m a t e l y  l / 4 - i n c h .  

The s t r u c t u r e  w a s  p e n e t r a t e d  w i t h  a 1 / 8 - i n c h  s t ee l  

The s t r u c t u r a l  damage w a s  v e r y  similar t o  t h e  one expe r i enced  

The e n t r y  

P r e s e n t l y ,  a s e l f - s e a l i n g  s t r u c t u r e  wi th  c o n f i g u r a t i o n  g i v e n  i n  F i g u r e  4-16 

i s  be ing  t e s t e d  a t  t h e  M c G i l l  U n i v e r s i t y  F a c i l i t y .  

impac t ing  t h e  s t r u c t u r e  w i t h  a 1 / 8 - i n c h  s t ee l  p e l l e t  a t  a v e l o c i t y  o f  

a p p r o x i m a t e l y  25,000 f p s ,  

r e d u c t i o n  (by  more t h a n  25 p e r  c e n t )  of t h e  s e l f - s e a l i n g  s t r u c t u r e .  

T h i s  t e s t  c o n s i s t s  of  

T h i s  tes t  i s  a l s o  t h e  f i r s t  s t e p  towards we igh t  
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4.3.4 S i l i c o n e  FoamIBalsa Wood Concept.  P a s t  e f f o r t s  i n  t h e  u s e  of f i b e r s  

as a shock a t t e n u a t o r  l a y e r  have shown some s u c c e s s .  However, mass ive  blow- 

o u t  which r e s u l t s  under  c o n d i t i o n s  of p r o j e c t i l e  f r a g m e n t a t i o n ,  l eaves  

l a r g e  v o i d s  i n  t h i s  l a y e r .  The sugges t ion  o f  t h e  u s e  of  n a t u r a l  wood i s  

c o n s i d e r e d  an  e x t e n s i o n  o f  t h e  f i b e r  concept  w i t h  t h e  a p p l i c a t i o n  of  a 

s t r o n g e r  a t t e n u a t o r  l a y e r .  S i n c e  t r a n s m i t t e d  shock p r e s s u r e s  are a f u n c t i o n  

of  material d e n s i t y  (see Equa t ion  2 ,  Appendix A ) ,  b a l s a  wood of  5 l b / f t 3  

d e n s i t y  was s e l e c t e d .  R ig id  and f l e x i b l e  s i i i c o n e  foaming c o n s t i t u e n t s  

were s e l e c t e d  f o r  t h e  s e l f - s e a l i n g  l a y e r .  Pane l  geomet r i e s  were s e l e c t e d  

no t  o n l y  f o r  s e l f - s e a l i n g  c a p a b i l i t y ,  but a l s o  t o  complement t h e  a n a l y s i s  

d i s c u s s e d  i n  S e c t i o n  3..2 by e n t r a p p i n g  the  damage h o l e  geometry o b s e r v a b l e  

upon p o s t - s h o t  d i s s e c t i o n .  Four s h o t s  were conducted  u s i n g  1 / 8 - i n c h  d i a m e t e r  

s tee l  p r o j e c t i l e s  t o  a maximum impact v e l o c i t y  of  13,600 f p s .  A f t e r  each  

s h o t ,  t h e  p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  p a n e l  was r e l e a s e d  when e x t e r n a l  

foaming .ubs ided .  Panel  geometry and t e s t  c o n d i t i o n s  are shown i n  F i g u r e  

4-17 ,  and r e s u l t s  are d i s c u s s e d  i n  t h e  fo l lowing  pa rag raphs  

Pane l  B - 1  

A 1 / 2 - i n c h  s e c t i o n  f o r  t h e  l i q u i d  DC XR6-3700 c o n s t i t u e n t s  and e n c a p s u l a t e d  

c a t a l y s t  ( y i e l d i n g  a r i g i d  € G a i n )  was bounded by 2 .0 - inch  and 1 .0 - inch  

Balsa l a y e r s  on t h e  e n t r y  and e x i t  sides, r e s p e c t i v e l y .  A 0 .020- inch  

7075-T6 aluminum f a c e  s h e e t  provided  t h e  s i m u l a t e d  s t r u c t u r a l  c o n t r i b u t i o n  

as w e l l  as ttbumperlt a c t i v i t y  i n  f ragmenting t h e  p r o j e c t i l e .  An i n t e r i o r  

view o f  t h e  pane l  i s  shown i n  F i g u r e  4-18. I t  can  be s e e n  t h a t  p a r t i a l  

f r a g m e n t a t i o n  of t h e  p r o j e c t i l e  took  p lace .  

o f  d i s p l a c e d  p a n e l  c o n s t i t u e n t s  was complete  and o f  s u f f i c i e n t  d e n s i t y  t o  

a c h i e v e  t o t a l  s e l f - s e a l i n g  n e a r l y  i n s t a n t a n e o u s l y .  

f i n e d  volume i n  t h e  polymer s e c t i o n  i n h i b i t s  i n t e r n a l  expans ion  r e s u l t i n g  

i n  t h e  f o r m a t i o n  of a dense  l a y e r  plugging t h e  p r o j e c t i l e  pa th .  I n  t h e  

b a l s a  l a y e r s ,  t h e  c h a r a c t e r i s t i c  foam was formed throughout ,  The 

p r e s e n c e  of  a p a r t i a l  vacuum assist i n  the  a c c e l e r a t i o n  of  t h e  foaming 

Foaming and c u r i n g  i n  t h e  zone  

The p resence  of  a con- 
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RUBBER 

3-PLY FIBERGLASS LAMINATE 

DIMENSIONS 
INCHE 

2 1R 

2 1R 

2 1/2 

1 
3/44 - 

4 

- 
FOAM 
TYPE - - 
RIGID 
FOAM - 
FLEX. 
FOAM 

- 
RIGID 
FOAM - 
RIGID 
FOAM 

- 

- 
AREA 

)ENSITY 

L B / F T ~  - - 
4.0 

- 
4.5 

- 
4.0 

- 
2.6 

- 

- 
IMPACl 

OCITY 
FPS 

VEL- 

- - 
10,000 

- 
10,500 

- 
1 1,600 

- 
13,600 

- 

L ENCAPSULATED 
CATALYST 8, BAGS 

REMARKS 

PANEL COMPLETELY PERFORATED; FOAMING 
COMPLETE, NEARLY INSTANTANEOUS SELF. 
SEALING ACHIEVED. 

PANEL COMPLETELY PERFORATED, FOAMING 
COMPLETE, PARTIAL SEAL ACHIEVED. 

PANELNOT COMPLETELY PERFORATED; 
BALLISTIC LIMIT ACHIEVED. 

PANELNOTCOMPLETELY PERFORATED BY 
PROJECTILE. GOOD FOAMING ACTION IN 
DAMAGED ZONE. 

* DOES NOT INCLUDE CONTRIBUTION OF FACE SHEET 2 0.3#/FTL 

FIGURE 4-17 BALSA WOOD/SILICONE FOAM CONCEPT 
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a c t i o n ,  which i s  l i t e r a l l y  “explosive1’ under the  t e s t  c o n d i t i o n s  of 1.0 

mm Hg ( e x i s t i n g  i n  t h e  t e s t  chamber) with atmospheric c o n d i t i o n s  behind 

t h e  panel. 

Panel 8-2 

Th i s  p a n e l  was i d e n t i c a l  t o  B - 1  except f o r  t h e  foaming c o n s t i t u e n t ,  which 

w a s  the RTV S-5370 l i q u i d  formulat ion y i e l d i n g  a f l e x i b l e  foam. P a r t i a l  

s e l f - s e a l i n g  was achieved fol lowing a n  impact a t  10,500 f p s .  This was 

a t t r i b u t e d  t o  the  r e l a t i v e l y  slower cu r ing  ra te  of t h e  fo rmula t ion ,  s i n c e  

i n t e r n a l  damage dup l i ca t ed  t h a t  of panel B-1. 

Panel B - 3  

Panel B - 1  was dup l i ca t ed  i n  t h i s  t e s t ,  and a n  e f f o r t  w a s  made t o  achieve 

higher  impact speeds.  The t e s t  d i d  not ach ieve  t h i s  o b j e c t i v e  s i n c e  t h e  

panel was not completely pe r fo ra t ed  and the  recorded v e l o c i t y  was 11,600 

f p s .  However, t h e  b a l l i s t i c  l i m i t  of  t h e  c o n f i g u r a t i o n  was f o r t u i t o u s l y  

achieved. 

f a c t o r  i n  Watson’s a n a l y s i s ,  see S e c t i o n  3 . 2 )  t o  be performed. This was 

ca l cu la t ed  t o  be: 

This permit ted a c a l c u l a t i o n  of t h e  K- fac to r  (pane l  s t r e n g t h  

K = 1.66 X lo6 psf  = 7.96 X lo8 dynes/cm2 

This  compares w i t h  Watson‘s values  from Reference 3 of 

K - Fac t o r  B r i n e l l  Hardness 

-2s-0 aluminum 3.37 X 10” dynes/cm2 23 

17s-0 aluminum 4.86 X 10” 

2024-T3 aluminum 6.50 X 10” 

AZ 51X, B90-46T Mag 4.92 X 10” 
a l l o y  

45 

120 
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The comparison i s  f a v o r a b l e  as one would expec t  t h e  p s e u d o - s t r e n g t h  

f a c t o r  t o  b e  lower f o r  t h e  Al/Balsa composite t h a n  f o r  con t inuous  metal l ic  

t a r g e t s .  

Pane l  B-4 

T h i s  pane l  was i d e n t i c a l  t o  B - 1  excep t  fo r  reduced t h i c k n e s s e s  of  t h e  

b a l s a  and s e a l a n t  l a y e r s .  Pane l  B-4 w a s  no t  comple t e ly  p e r f o r a t e d  even 

though t h e  impact  v e l o c i t y  was i n c r e a s e d  ove r  t h e  p r e v i o u s  t h r e e  s h o t s  

of t h i s  series. Foaming a c t i o n ,  as i n  prev ious  s h o t s ,  was complete  as 

t h e  e n t i r e  p a r t i c l e  p a t h  was f i l l e d  w i t h  cured  material (see F i g u r e  4 - 1 9 ) .  

T h i s  was due  t o  i n c r e a s e d  f r agmen ta t ion  of t h e  p r o j e c t i l e ,  o b s e r v a b l e  i n  

t h e  b a l s a  l a y e r  on t h e  e n t r y  s i d e .  Again, however, t h e  b a l l i s t i c  l i m i t  

w a s  ach ieved  p e r m i t t i n g  a c a l c u l a t i o n  of t h e  p a n e l  K - f a c t o r .  

o f  t h i s  c a l c u l a t i o n  are summarized i n  Table 4 - 1  f o r  p a n e l  B-4. 

The r e s u l t s  

K = 1.120 X 10" psf  = 5.363 X 10' dynes /cm2 

T h i s  i s  a 48% d e c r e a s e  from t h a t  of  panel  B-3, p o s s i b l y  s i n c e  t h e  c o n t r i -  

b u t i o n  o f  t h e  a f t  s h e e t  i s  absen t .  The comparisorl is cons ide red  h i g h l y  

f a v o r a h l e  i n  view of t h e  n e a r l y  i d e n t i c a l  v a r i a t i o n s  of  t h e  K - f a c t o r s  

p r e s e n t e d  above  f o r  t h e  t h r e e  aluminum a i i o y s  of s u c c e s s i v e i y  i n c r e a s i n g  

h a r d n e s s .  

I n  t h i s  series of tes ts ,  t h e  performance o f  t h e  b a l s a  wood l a y e r  was 

s a t i s f a c t o r y  as no bu lg ing  of  t h e  f a c e  s h e e t  was observed .  

damage c o n s i s t e d  o n l y  of a 3 /16- inch  d iameter  p e r f o r a t i o n .  However, s i n c e  

impact  speeds  neve r  exceeded 13,600 f p s ,  comple te  f r a g m e n t a t i o n  of  t h e  

s t ee l  p r o j e c t i l e  was never  achieved .  

f o r  t e s t i n g  a t  speeds  i n  e x c e s s  of  20,000 f p s  f o r  v e r i f i c a t i o n  o f  t h e  

low speed c a l c u l a t i o n s .  

s u p p o s i t i o n  t h a t  K is independent  o f  impact v e l o c i t y  i n  t h e  speed regime 

o f  t h e  t e s t i n g .  

Face s h e e t  

Add i t iona l  p a n e l s  were f a b r i c a t e d  

These r e s u l t s  w i l l  a l s o  v e r i f y  t h e  d e s i r e d  

The s u c c e s s f u l  d e t e r m i n a t i o n  of  K - f a c t o r  w i l l  g r e a t l y  
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assis t  i n  t h e  s c a l i n g  of  p a n e l  we igh t s  and t h i c k n e s s e s  t o  r ea l i s t i c  

me teo ro id  environment  c o n d i t i o n s .  However, t h e s e  la tes t  r e s u l t s  are n o t  

a v a i l a b l e  f o r  r e p o r t i n g  a t  t h i s  t i m e .  The t e s t  r e s u l t s  and a n a l y s i s  of  

f o u r  remaining p a n e l s  w i l l  be p r e s e n t e d  i n  succeed ing  r e p o r t s ,  and w i l l  

p e r m i t  a b e t t e r  a s ses smen t  o f  t h e  per formance  o f  real is t ic  p a n e l  geomet r i e s  

i n  subsequent  a p p l i e d  d e s i g n  e f f o r t s .  

4 . 3 . 5  Elas tomer i c  Spheres /Viscous  Face Concepts .  F i g u r e  4-20 g i v e s  t h e  

s e l f - s e a l i n g  s t r u c t u r e  c o n f i g u r a t i o n  o f  t h i s  concep t .  

as fo l lows:  

The p r i n c i p l e  i s  

Upon p e n e t r a t i o n ,  one o f  t h e  s p h e r e s  se ts  i t s e l f  i n  t h e  punc tu red  

ho le  t o  e f f e c t  e i t h e r  a p a r t i a l  o r  comple te  seal. A t  t h e  same t i m e ,  

the  rubbe r  s p h e r e  c o n t a c t s  t h e  v i s c o u s  f l u i d  which i n i t i a t e s  a 

cu r ing  a c t i o n  due t o  t h e  p r e s e n c e  o f  a n  excess  of  c a t a l y s t  remain ing  

on t h e  s u r f a c e  of  t h e  rubbe r  s p h e r e .  

punctured  h o l e  t o  be s e a l e d  comple t e ly  ( i n  t h e  case where t h e  s e a l i n g  

was o n l y  p a r t i a l  w i t h  t h e  s p h e r e  a l o n e )  and  t o  g i v e  a permanent 

adhes ion  of  t h e  s p h e r e  t o  t h e  s e a l i n g  s u r f a c e .  T h i s  p r e v e n t s  t h e  

sphere  from b e i n g  shaken  loose ( d u e  t o  v i b r a t i o n  o r  o t h e r  mechanica l  

loads)  from t h e  s e a l i n g  s u r f a c e s  and from u n s e a l i n g  t h e  h o l e .  

T h i s  mechanism p e r m i t s  t h e  

S e v e r a l  s t r u c t u r e s ,  u s i n g  t h i s  concept ,  were t e s t e d  a t  7,000 f p s  and 

resul ts  ob ta ined  were ve ry  encouraging.  

f o r  h ighe r  v e l o c i t i e s .  

4-20 were t e s t e d  a t  18,000 f p s  and 17,000 f p s  and gave  v e r y  i n t e r e s t i n g  

results.  For example,  t h e  t a n k  e f f e c t  ( t h a t  is, t h e  e f f e c t  expe r i enced  

when a tank  c o n t a i n i n g  a l i q u i d  i s  impacted by a p r o j e c t i l e  a t  h i g h  v e l o c i t i e s )  

w a s  c l n a r l y  demonst ra ted  here .  

t h e  v i scous  f a c e  on t h e  s i d e  o f  t h e  e n t r y  f a c e  and t h e  o t h e r  w i t h  t h e  

v i s c o u s  f a c e  on t h e  e x i t  f a c e  s i d e .  I n  t h e  f i r s t  case, t h e  damage t o  t h e  

e n t r y  f ace  was heavy ( l a r g e  c r a c k s  across t h e  s t r u c t u r e  s u r f a c e  and a 

S t r u c t u r e s  were t h e n  f a b r i c a t e d  

Two s t r u c t u r e s  w i t h  c o n f i g u r a t i o n  shown i n  F igu re  

One of t h e s e  s t r u c t u r e s  w a s  impacted w i t h  
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3/8-inch ho le )  and i n  t h e  second case, t h e  damage t o  t h e  e n t r y  f a c e  was 

minor (3 /16- inch  h o l e ) .  T h i s  tes t  i n d i c a t e s  t h a t  t h e  increased  damage 

w a s  p r i n c i p a l l y  due t o  t h e  tank e f f e c t .  

Upon d i s s e c t i o n  of  t h e  s t r u c t u r e  from t h e  second case, i t  w a s  noted t h a t  

t h e  pred ic ted  mechanism had taken  p l ace .  One of  t h e  b a l l s  had s e t  i t s e l f  

i n  the punctured ho le  and was permanently adhered t o  t h e  s e a l i n g  s u r f a c e .  

A leakage r a t e  de te rmina t ion  ind ica t ed  a small leak. 

To make t h i s  concept work more r e l i a b l y ,  t h e  fo l lowing  new ref inements  

were added t o  t h e  above s t r u c t u r e :  

In s t ead  of u s ing  RTV 60 uncured e las tomer  as t h e  v iscous  f l u i d ,  a 

s i l i c o n e  foam ( e i t h e r  r i g i d  or f l e x i b l e )  rubber  base  was used. To 

speed up t h e  cu r ing  and foaming a c t i o n  o f  t h e  foam rubber  base,  t h e  

e las tomer ic  spheres  were coa ted  wi th  a f a s t  cu r ing  and foaming c a t a l y s t .  

The n e w  conf igu ra t ion  wi th  t h e  added ref inements  i s  g iven  i n  F igu re  

4-21. 

Prel iminary tests of t h i s  new c o n f i g u r a t i o n  a t  low v e l o c i t i e s  (up  t o  7,000 

f p s )  showed very promising r e s u l t s .  

( z  25,000 f p s ) ,  a similar s e l f - s e a l i n g  s t r u c t u r e  was prepared and s e n t  t o  

M c G i l l  Un ive r s i ty  where t h e  tes t  should be performed very  s h o r t l y .  

To o b t a i n  d a t a  a t  h ighe r  v e l o c i t i e s  

4.3.6 Rigid S i l i c o n e  Foam/Air Gaps Concept. For  weight r educ t ion  purposes ,  

t h i s  concept would be idea l .  I n s t e a d  of u s ing  rubber  balls or f i b e r s ,  a i r  
would  be used as t h e  energy absorber .  Such a concept  w a s  eva lua ted  i n  

t h e  labora tory  and Figure  4-22 shows i t s  conf igu ra t ion .  Th i s  s e l f - s e a l i n g  

s t r u c t u r e  was impacted wi th  a 1/8- inch s t e e l  p e l l e t  a t  a v e l o c i t y  of  

13,500 fps  with t h e  Northrop Light  Gas Gun F a c i l i t y .  A f t e r  p e n e t r a t i o n  

of  t h e  s t r u c t u r e ,  t h e  e n t r y  f a c e  showed a 5/16-inch h o l e  and a 1 /2- inch  

ho le  on t h e  e x i t  f a c e  was recorded. Upon d i s s e c t i o n  o f  t h e  s t r u c t u r e ,  

t h e  gap between the  e n t r y  face and t h e  chemical  compartment was h a l f  
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f i l l e d ,  p a r t i c u l a r l y  i n  t h e  v i c i n i t y  o f  the  punctured  h o l e .  The h o l e s  

i n  t h e  n i t r i l e  r u b b e r  s h e e t s  s e p a r a t i n g  the  chemica l s  from t h e  a i r  gaps  

were t i g h t l y  s e a l e d .  P r a c t i c a l l y  no foaming material had ex t ruded  i n t o  

t h e  gap between t h e  chemica l  compartment and t h e  e x i t  f a c e .  No immediate 

seal was o b t a i n e d ,  b u t  comple te  seal was recorded a few minutes  l a te r .  

I t  i s  i n t e r e s t i n g  t o  n o t e  h e r e ,  t h a t ,  w i th  a similar s e l f - s e a l i n g  s t r u c t u r e  

whereby metal f a c i n g s  were used i n s t e a d  of n o n m e t a l l i c  f a c i n g s ,  a n  ex-  

p l o s i v e  r u p t u r i n g  and heavy damage t o  t h e  e n t r y  and e x i t  f a c e s  had been 

expe r i enced .  The e x p l a n a t i o n  of  t h i s  phenomenon h a s  not  been a t t e m p t e d  

a i  y e t  bu t  w i l l  he  done i n  t h e  v e r y  n e a r  f u t u r e .  

4.3.7 Rig id  S i l i c o n e  Foam/Rubber Sphe res IAi r  Gap Concept .  T h i s  concep t  

i s  t h e  r e g u l a r  "Rigid S i l i c o n e  Foam/Rubber Spheres"  concep t  w i t h  t h e  

e x c e p t i o n  t h a t  h e r e ,  a n  a i r  gap  has  been  added t o  t h e  back s i d e  of  t h e  

s t r u c t u r e .  The c o n f i g u r a t i o n  of  t h i s  concept  i s  g i v e n  i n  F i g u r e  4 - 2 3 .  

The a i r  gap a t  t h e  back s i d e  of  t h e  s t r u c t u r e  i s  t h e r e  t o  g i v e  more p ro -  

t e c t i o n  t o  t h e  chemica l  compartment, Up t o  now, t h i s  c o n f i g u r a t i o n  h a s  

no t  been n e c e s s a r y  t o  p r o t e c t  t h e  chemica l  compartment when t h e  p r o p e r  

materials are b e i n g  used. The s e l f - s e a l i n g  s t r u c t u r e  u s i n g  t h e  "Rigid 

S i l i c o n e  Foarn/Rubber Spheres  o r  F i b e r s "  concept  does  n o t  need t h i s  a i r  

gap  t o  seal  s u c c e s s f u l l y  when impacted wi th  1 / 8 - i n c h  s tee l  p e l l e t s  a t  

v e l o c i t i e s  up t o  26,000 f p s  as was exper ienced  expe r imen ta l ly .  However, 

i t  might  be n e c e s s a r y  a t  h i g h e r  v e l o c i t i e s  (above  30,000 f p s ) .  

be shown i n  f u t u r e  tests. 

T h i s  w i l l  

N e v e r t h e l e s s ,  s u c h  a s e l f - s e a l i n g  s t r u c t u r e  w i t h  c o n f i g u r a t i o n  shown i n  

F i g u r e  4-23 w a s  t e s t e d  a t  M c G i l l  U n i v e r s i t y  Gun F a c i l i t y .  T h i s  s t r u c t u r e  

w a s  h i g h l y  s u c c e s s f u l  inasmuch as i t  s e a l e d  immedia te ly  upon be ing  i m -  

pac t ed  w i t h  a 1 / 8 - i n c h  s teel  p e l l e t  a t  a v e l o c i t y  o f  26,000 f p s .  A 

l eakage  rate d e t e r m i n a t i o n  i n d i c a t e d  a z e r o  pound of  a i r  p e r  d a y  l e a k  

rate. The s e l f - s e a l i n g  mechanism wrked p e r f e c t l y  as t h e  a n a l y s i s  o f  

t h e  d i s s e c t e d  s t r u c t u r e  i n d i c a t e d .  
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APPENDIX A 

STATE OF MATERIAL SUBJECTED TO IMPACT SHOCK 

When two s u r f a c e s  c o l l i d e  w i t h  s u f f i c i e n t  s p e e d ,  p o r t i o n s  o f  b o t h  t h e  

p r o j e c t i l e  and t a r g e t  l o c a l  t o  t h e  i n t e r f a c e  are compressed t o  a g r e a t  

degree.  Shock waves are g e n e r a t e d  i n  both t a r g e t  and p r o j e c t i l e ,  r a d i a t -  

i n g  outward from t h e  p o i n t  o f  c o n t a c t .  A most s i m p l e  d e s c r i p t i o n  of t h i s  

i n c i d e n t  c o n d i t i o n  c a n  be v i s u a l i z e d  by c o n s i d e r i n g  t h e  one -d imens iona l  

impact s i t u a t i o n  where in  a l l  motion i s  u n i d i r e c t i o n a l  and normal t o  t h e  

p l a n e  o f  t h e  d i s t u r b a n c e .  

impac t ,  i t  i s  o f  i n t e r e s t  t o  know t h e  p r e s s u r e s  and a s s o c i a t e d  v e l o c i t i e s .  

R e f e r r i n g  t o  F i g u r e  A - 1 ,  i n c i d e n t  c o n d i t i o n s  are shown f o r  a t a r g e t  

material, i n i t i a l l y  a t  rest, impacted by a p r o j e c t i l e  moving t o  t h e  r i g h t  

a t  a speed o f  V i . -  The d e s c r i p t i o n  of  t h e  t a r g e t  material i n  the shocked 

s t a t e  can  be d e f i n e d  by t h e  c lass ical  Rankine-Hugoniot e q u a t i o n s :  

For pu rposes  of d e t e r m i n i n g  t h e  s e v e r i t y  of  

1 

( c o n s e r v a t i o n  of  mass) (1)  

p t  -po t  = P o t u , t u p t  ( c o n s e r v a t i o n  of momentum) ( 2 )  

( cons e r v a  t i o n  of ene rgy  1 

where 

P = p r e s s u r e  

p = d e n s i t y  

U, = shock wave f r o n t  v e l o c i t y  of p r o p a g a t i o n  

U p  
= material p a r t i c l e  v e l o c i t y  i n  t h e  shocked r e g i o n  

A-  1 

( 3 )  
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E = s p e c i f i c  i n t e r n a l  energy  

u = s p e c i f i c  volume ( =  l / p )  

s u b s c r i p t s  : 

r e f e r s  t o  i n i t i a l  (unshocked)  s t a t e  

r e f e r s  t o  t a r g e t  material 

The above t h r e e  e q u a t i o n s  i n  f i v e  unknowns (assuming t h a t  t h e  unshocked 

s t a t e  is  d e f i n e d )  a re  augmented by t h e  e q u a t i o n  of  s t a t e  of  t h e  material, 

Equa t ion  ( 4 )  i s  o f t e n  r e p l a c e d  by a n  e m p i r i c a l  r e l a t i o n  found by e x p e r i -  

ment t o  be v e r y  accurate f o r  most metals,  v i z . ,  2 

where 

C o t  = a d i a b a t i c  bu lk  s o n i c  v e l o c i t y  

X, = e m p i r i c a l  c o n s t a n t  

T h i s  sys tem o f  e q u a t i o n s  (11 , ( 2 1 ,  and ( 5 )  w i t h  f o u r  unknowns, ( U ,  , U p ,  

p,  P I t ,  is  c o n v e n t i o n a l l y  s o l v e d  by c o n s i d e r i n g  similar c o n d i t i o n s  

a p p l i c a b l e  t o  t h e  p r o j e c t i l e  material, v i z . ,  

pp-pop = &,(Vi -U.J (Vi -upp) 

u , p  = cop + AP(V 

A-  3 

( 7 )  

( 8 )  



where t h e  s u b s c r i p t  r e f e r s  t o  p r o j e c t i l e  p r o p e r t i e s .  Two a d d i t i o n a l  

s t i p u l a t i o n s  are  n e c e s s a r y  t o  make t h e  system d e t e r m i n a n t .  These are t h e  

c o n d i t i o n s  t h a t  i n s u r e  t h a t  b o t h  s u r f a c e s  remain i n  c o n t a c t ,  v i z . ,  

P 

P P = P , = P  ( 9 )  

u = up ,  = u p  
PP 

The s o l u t i o n  f o r  impact p r e s s u r e ,  P ,  i s  of  g r e a t e s t  i n t e r e s t  from t h e  

s t a n d p o i n t  of t a r g e t  damage and w i l l  now be d i s c u s s e d .  From e q u a t i o n s  

( 2 1 ,  (51 ,  ( 7 1 ,  (81, one may w r i t e  

2 

p = P O P  co  P (Vi -up) + Ap p o p  ("1 -up> 

( 1 1 )  

( 1 2 )  

E x p l i c i t  s o l u t i o n s  f o r  P and U p  from e q u a t i o n s  ( 1 1 )  and ( 1 2 )  r e s u l t  i n  

cumbersome e x p r e s s i o n s .  For  t h i s  r e a s o n ,  a g r a p h i c a l  s o l u t i o n  i n  t h e  

P-Up p l a n e  is employed. T h i s  s i m p l e  s o l u t i o n  i s  execu ted  as shown i n  

Figure A - 2 ,  

curve o n  t h e  h o r i z o n t a l  scale by a n  amount e q u a l  t o  V i ,  r e f l e c t i n g  i t  

about  t h e  v e r t i c a l  scale. ( I t  c a n  be s e e n  t h a t  f o r  impact of i d e n t i c a l  

m a t e r i a l s ,  t h e  t a r g e t  material i s  a c c e l e r a t e d  t o  o n e - h a l f  t h e  impact 

v e l o c i t y  due t o  t h e  symmetry o f  t h e  problem.) T h i s  g r a p h i c a l  method of  

s o l u t i o n  i s  used by e x p e r i m e n t e r s  f o r  d e t e r m i n i n g  p r e v i o u s l y  unde f ined  

L t  can be s e e n  t h a t  one merely o f f s e t s  t h e  p r o j e c t i l e  material 

Hugoniot p r o p e r t i e s  o f  s o l i d s 3  s 4  and l i q u i d s .  5 

The same p rocedure  may be used f o r  shocks t r a v e r s i n g  l a y e r e d  media. The 

problem i s  merely " r e - s t a r t e d "  when a n  a d d i t i o n a l  i n t e r f a c e  i s  e n c o u n t e r e d ,  

u s ing  as i n i t i a l  c o n d i t i o n s  t h e  r e s u l t s  from t h e  p r e v i o u s  c y c l e .  To 

extend t h e  p r e v i o u s l y  c i t e d  example,  t h e  p r e s s u r e  o f  a second layer o f  

A- 4 



t a r g e t  material behind t h e  f i r s t  requi . res  t h a t  w e  "s tar t"  t h e  s o l u t i o n  

f o r  t h i s  n e x t  i n t e r f a c e  a t  t h e  i n t e r s e c t i o n  p o i n t  shown i n  F i g u r e  A - 2 .  

T h i s  i s  done  by r e f l e c t i n g  t h e  i n i t i a l  t a r g e t  l a y e r  material  c u r v e  a b o u t  

a v e r t i c a l  l i n e  through (P , ,  Upl  1, s i n c e  t h e  i n i t i a l  t a r g e t  l a y e r  now i s  

e f f e c t i v e l y  a t ' p r o j e c t i l e "  impact ing  the s u b l a y e r .  The i n t e r s e c t i o n  o f  

t h i s  r e f l e c t e d  c u r v e  w i t h  t h e  Hugoniot f o r  t h e  s u b l a y e r  d e f i n e s  t h e  new 

v a l u e s  Of p2 and Up2 f o r  t h i s  i n t e r f a c e .  This  p rocedure  i s  o u t l i n e d  i n  

F i g u r e  A - 3 .  

For t h e  c o n d i t i o n ,  P, > P,, t h e  f i r s t  t a r g e t  l a y e r  i s  a d d i t i o n a l l y  com- 

p r e s s e d  by a shock p r e s s u r e  jump (P2-P, I .  I n  t h i s  i n s t a n c e ,  t h e  compress ion  

f o l l o w s  t h e  Hugoniot c u r v e  as p r e s e n t e d .  I t  i s  i n  t h e  e x i s t e n c e  of t h e  

a l t e r n a t i v e ,  P, < PI, t h a t  q u e s t i o n s  a r i s e  conce rn ing  t h e  accu racy  of  t h e  

r e f l e c t i o n  method. I n  t h i s  case, t h e  i n c i d e n t  t a r g e t  l a y e r  expands upon 

r a r e f a c t i o n  a l o n g  approx ima te ly  t h e  a d i a b a t i c  c u r v e  r a t h e r  t h a n  t h e  

Hugoniot as assumed h e r e .  However, t h i s  i n c o n s i s t e n c y  i s  d i s r e g a r d e d  

f o r  t h e  c a l c u l a t i o n s  used i n  t h i s  s t u d y .  I n  a l l  i n s t a n c e s ,  shock a t t e n u a -  

t i o n  i s  n e g l e c t e d  and ,  a c c o r d i n g l y ,  resu l t s  a p p l y  o n l y  t o  i n c i d e n t  c o n d i -  

t i o n s ,  

assumpt ion  have  been s i m i l a r l y  d i s r e g a r d e d ,  and the ??c??c! c e n d i t i e n s  af 

i s o t r o p y  have been assumed. 

F a c t o r s  o f  geometry which a f f e c t  t h e  one-d imens iona l  mot ion  

T h i s  c a l c u l a t i o n  method was used  i n  t h i s  s t u d y  f o r  t h e  d e t e r m i n a t i o n  of 

impact  and i n t e r f a c i a l  p r e s s u r e s .  Hugoniot d a t a  a r e  a v a i l a b l e  f o r  a p p r o x i -  

ma te ly  27 basic metals, some common a l l o y s ,  and a f e w  o r g a n i c  and i n o r g a n i c  

s o l i d s  and l i q u i d s .  I n  g e n e r a l ,  no Hugoniot d a t a  e x i s t  f o r  t h e  class o f  

polymers  used  i n  the s e l f - s e a l i n g  program. However, i t  i s  s t i l l  p o s s i b l e  

t o  u t i l i z e  t h e  a n a l y s i s  w i t h  polymers i n  the c o n f i g u r a t i o n s  ( e . g . ,  f o r  

t h e  m e t a l / p o l y m e r / l i q u i d  i n t e r f a c e  problem),  

d i s c u s s e d  a n d  i l l u s t r a t e d  i n  P a r t  11 o f  t h i s  r e p o r t .  

T h i s  p a r t i c u l a r  problem i s  
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